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Amphibians are the most threatened of all vertebrate groups and many populations 
worldwide are on the decline. Climate change has been partially implicated for their 
disappearance. As the largest anthropogenic disturbance of this century, the effects of 
climate change include temperature increase and increased rainfall variability. These 
changes are particularly detrimental to amphibians as a result of their unique life 
history and physiology. Tropical species are especially vulnerable as they are 
hypothesised to be very close to their physiological limits and a slight temperature 
increase will exceed their thermal safety margin. In this study, I assess the impacts of 
climate change on amphibians. Using various methods, I evaluate 1) which amphibian 
species in Singapore are most vulnerable to climate change; 2) whether the global 
amphibian declines are also occurring in Singapore; 3) if there is differential warming 
vulnerability between tropical amphibian communities compared to subtropical or 
temperate amphibian communities; 4) the individual effect of elevated temperature 
and its interactive effect with low pH; 5) quantitatively the individual effect of 
elevated temperature and its interaction with other stressors on amphibian survival. 
The findings 1) suggest that stenotopic forest species are more likely to be impacted 
by climate change rather than commensal species that can thrive in disturbed 
environments; 2) with the exception of two species (Megophrys nasuta and 
Theloderma horridum), other species do not appear to be declining in Bukit Timah 
Nature Reserve; 3) while tropical amphibian communities as a whole are not more 
thermally vulnerable to subtropical or temperate amphibian communities, species 
from tropical warm communities have comparatively lower warming tolerance than 
species from tropical cool communities; 4) with the exception of Kalophrynus 
limbooliati, most species can tolerate a temperature increase of 3 °C and there is a 
2 
synergetic interaction with low pH on amphibian survival for some species; 5) there is 
an individual impact of higher temperature on amphibian survival while its overall 
interaction with other stressors is not significant. In conclusion, while some tropical 
amphibian species may be more tolerant of climatic warming than previously 
hypothesised, some sensitive species appear to be vulnerable to the impacts of 
climatic warming. The implications in terms of decline and extirpations of different 
species are further discussed as climate change is inevitable given the current rate of 
greenhouse gases emissions.  
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Chapter 1. Impacts of climate change on amphibians 
1.1. Background of climate change 
Climate change is defined by the Intergovernmental Panel on Climate Change (IPCC) 
as “A change in the state of the climate that can be identified by changes in the mean 
and/or the variability of its properties and that persists for an extended period, 
typically decades or longer, regardless of the cause” (IPCC, 2007). Increasing 
evidence suggests that the abnormal climate in the previous few decades is unlikely to 
be a result of natural variation and is largely attributed to the large-scale 
anthropogenic emissions of greenhouse gases and aerosols (Houghton et al., 2001; 
IPCC, 2007). Ever since the industrial revolution, human-induced output of various 
atmospheric greenhouse gases (e.g. carbon dioxide, methane, nitrous oxide and 
chlorofluorocarbons) has been rising exponentially over the years (Rodhe, 1990; 
IPCC, 2007). Various anthropogenic activities (e.g. deforestation, burning of fossil 
fuels) have contributed to the addition of these gases and have resulted in increased 
direct radiative effect in the earth’s atmosphere (Lashof & Ahuja, 1990).  
 
Evidence of a warming climate as a result of increased greenhouse effect can be 
observed from the increase in global average temperatures, large scale melting of the 
polar ice, rise in sea levels, thinner sea ice, less snow cover and milder winters (IPCC, 
2007). Over the past century, global air temperatures have increased by an average of 
0.7 °C, with the North temperate region registering the largest increase (Trenberth, 
1990; IPCC, 2007). In addition, precipitation levels have altered over the years; with 
certain regions (e.g.  Northern Europe and Central Asia) receiving more rainfall 
whereas other parts of the world (e.g. the Mediterranean and Southern Africa) 
receiving significantly less (Dore, 2005; IPCC, 2007). More intense rainfall has been 
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recorded in certain areas, resulting in floods (Dore, 2005; IPCC, 2007). Increased 
incidences of extreme weather events such as typhoons, cyclones and longer droughts 
have also been observed (Meehl et al., 2000; IPCC, 2007). 
 
Over the millennia, the Earth has undergone warming and cooling cycles, with certain 
periods experiencing higher temperatures than others (Zachos et al., 2001). As the 
current species assemblages are descended from the species that have adapted and 
survived these temperature changes (Huber, 2009), it is possible that species are able 
to survive the current climatic warming. In spite of this, the current rate of climatic 
warming is unprecedented (Houghton, 1997). Given that adaptation and evolution are 
slow processes, many species may not be able to adequately cope with the rapid 
climate change (Markham, 1996; Kingsolver, 2009). 
 
With recent climate change, alteration of species’ abundances and distributions have 
occurred (Hughes, 2000; Walther et al., 2002; Parmesan, 2006). Based on long-term 
observations, recent warming has impacted both terrestrial and aquatic biological 
systems as well as resulted in various physiological, distributional and phenological 
changes (Hughes, 2000; Walther et al., 2002; Parmesan, 2006). Changes in 
physiology have been reported in certain organisms (Betts et al., 1997; Somero, 2010) 
while poleward shift and upward elevational shifts have been increasingly recorded in 
many species (e.g. Beckage et al., 2008; Popy et al., 2010; Chen et al., 2011). 
Phenological changes have also occurred, resulting in increasing mismatches between 
different trophic groups (Stenseth & Mysterud, 2002; Edwards & Richardson, 2004; 
Winder & Schindler, 2004). In addition, climate change has been implicated to the 
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local extirpations and extinctions of a number of species as well (Pounds et al., 2006; 
Schloegel et al., 2006; Beever et al., 2011).  
 
Climate change is likely to worsen with the unabated human-induced production of 
greenhouse gases in the near future (Neelin et al., 2006; IPCC, 2007; Lintner et al., 
2012). It is projected that global average temperatures will increase up to 4 °C, with 
tropical and temperate regions experiencing a rise of up to 3 °C and 6 °C respectively 
by 2100 (IPCC, 2007). In addition, greater frequencies of extreme weather events are 
also projected (IPCC, 2007). Given the extent of its potential devastating impacts, 
climate change is going to result in more species extinction. A study by IPCC in 2007 
postulates that more than 30% of all biodiversity will be threatened with extinction by 
2100 while another study by Thomas et al. (2004) predicts species loss of 15–37% by 
2050. Hence, climate change has been predicted to be the largest anthropogenic 
disturbance of this century (Sala et al., 2000; Thomas et al., 2004) and will further 
complicate existing conservation efforts. 
 
1.2. Why amphibians?  
Amphibians serve as a food resource for many predators (Stewart & Woolbright, 
1996), as primary and secondary consumers in the food web (e.g. Stewart & 
Woolbright, 1996; Kupferberg, 1997; Beard et al., 2002) as well as an important 
energy linkage between the terrestrial and aquatic environment (Davic & Welsh, 
2004). Because of their importance in the ecosystem (Halliday, 2008), their decline or 
extinction will have significant impacts on other dependent species (Whiles et al., 
2006). Amphibians are also generally good indicators of the state of the environment 
(Blaustein & Wake, 1990; Vitt et al., 1990). Dubbed the “canary in the global coal 
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mine”, their decline and disappearance serves as a cause for alarm regarding 
environmental conditions (Norris, 2007).  
 
Compared to other vertebrate taxonomic classes, amphibians are the most threatened, 
with over one third of all species in danger of extinction (Young et al., 2001; Stuart et 
al., 2004). Facing an extinction crisis, many amphibian populations are declining 
while some species have already gone extinct (Stuart et al., 2004). Various human-
induced drivers such as climate change, invasive species, habitat loss, pathogens and 
pollution have all been implicated in their mass disappearance (e.g., Alford & 
Richards, 1999; Stuart et al., 2004; Sodhi et al., 2008; McMenamin et al., 2008). 
Although amphibians are likely to be declining in many parts of the world (Houlahan 
et al., 2000; Stuart et al., 2004; Bickford et al., 2010), the majority of the evidence 
comes from studies conducted in Europe, North America and Australia (Houlahan et 
al., 2000).  
 
Among the 34 amphibian species listed extinct by the International Union for 
Conservation of Nature (IUCN) Red List, climate change has been possibly 
implicated as the cause of extinction for four species, although the exact cause for 
most species extinctions remains enigmatic. It has been hypothesised that various 
drivers interact synergistically with climate change, exacerbating the situation for this 
vulnerable vertebrate class. Unfortunately, the life history and physiology of 
amphibians (e.g. permeable skin and biphasic lifestyle that occupies terrestrial and 
aquatic environments) render them particularly vulnerable to these environmental 
changes (Vitt et al., 1990; Dunson et al., 1992).  
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To survive the change caused by climate warming, species will have to 1) adapt, 2) 
tolerate, 3) migrate to suitable environments, 4) or risk extinction (Miles, 1994). 
Given the rapid rate of climate change, it is not likely that amphibians will be able to 
evolve quickly enough to counteract its effects (Bickford et al., 2010; Blaustein et al., 
2010). With limited dispersal abilities, amphibians are unlikely to undergo large-scale 
latitudinal migration as the latitudinal temperature gradient is minimal (Colwell et al., 
2008). Hence, a likely scenario is that they will shift elevationally upwards as the 
elevational temperature gradient is high. However, they will have to tolerate the 
elevated temperature in areas where the shift to higher elevations is not possible. This 
may have adverse impacts on their survival and will likely result in their range 
contraction under all warming scenarios (Araújo et al., 2006). Given the diversity of 
amphibians across different geographic locations, it is likely that the detrimental 
impacts of climatic warming will differ between species and populations.  
 
1.3. Impacts of temperature increase 
Amphibians are known to exhibit inter- and intra-species variation in thermal 
tolerance (Bachmann, 1969; Miller & Packard, 1974; Laugen et al., 2003). Although 
the lethal temperatures of most lowland tropical species are approximately between 
38–42 °C, they are significantly lower in highland and temperate counterparts (e.g. 
Brattstrom, 1968; Heatwole et al., 1968; Snyder & Weathers, 1975). Despite their 
lower thermal tolerance, many temperate species have the ability to re-adjust and 
thermally acclimatise to higher temperatures (e.g. Delson & Whitford, 1973; 
Hutchison & Rowland, 1974; Snyder & Weathers, 1975). However, most tropical 
species lack this ability (Brattstrom, 1968; Christian et al., 1988). Hence, there are 
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differences in the physiological response to temperature increase between tropical and 
temperate amphibians. 
 
Based on current projections of future temperature increase, exceeding the critical 
thermal maxima of most species is not likely. However, crossing the ideal temperature 
that they function (known as thermal optima) is likely for tropical species as a result 
of their narrow temperature safety margins, reducing their overall fitness (Deutsch et 
al., 2008; Tewksbury et al., 2008). In contrast, the increase is more likely to shift the 
temperatures that temperate species are currently experiencing towards their thermal 
optima, potentially increasing their fitness (Deutsch et al., 2008; Tewksbury et al., 
2008). Therefore, tropical species are in greater danger to the warming effect of 
climate change and there is differential impact of temperature increase between 
tropical and temperate species.  
 
The impacts of increased temperature on amphibians are highly complex and can 
potentially result in various physiological, ecological and behavioral changes (Feder 
& Burggren, 1992; Bickford et al., 2010; Blaustein et al., 2010). Temperature increase 
speeds up the rate of embryonic and larval development but at the cost of smaller 
body size (e.g. Hayes et al., 1993; Alvarez & Nicieza, 2002). In addition, it can result 
in increased genetic and molecular damage linked to the elevated metabolic activities 
(Sibly & Atkinson, 1994), resulting in greater deformities and mutations (Harkey & 
Semlitsch, 1988). Furthermore, higher temperature can influence their coloration 
(Harkey & Semlitsch, 1988), which may impact their ability to hide from predators. 
Also, it can result in reduced visual acuity (Aho et al., 1988), potentially impairing 
their hunting capability and mating success (Zweifel, 1968a; Gerhardt & Mudry, 
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1980; Gayou, 1984). To cope with rising temperatures, various species are known to 
behaviorally shift to microhabitats with their preferred temperature (e.g. de Vlaming 
& Bury, 1970; Noland & Ultsch, 1981; Wollmuth et al., 1987).  
 
As their overall metabolism increases with body size and temperature (Kleiber, 1932; 
Hemmingsen, 1960; Gillooly et al., 2002), amphibians will have to increase their prey 
intake to match the increase in metabolic demand under this new climatic scenario. 
This can either result in fewer individuals of the original body size or selection of 
individuals with smaller body mass. While the latter maintains population size, this 
selection potentially reduces fecundity (Crump, 1974; Verrell & Francillon, 1986; 
Tejedo, 1992a) and affects reproductive success as well as fitness (e.g. Tejedo, 1992b; 
Marquez, 1995; Arntzen, 1999). An increase in environmental temperature will lower 
dissolved oxygen and elevate metabolic demand for oxygen, potentially resulting in 
hypoxia and mortality in aquatic organisms (Wassersug & Feder, 1983; Sibly & 
Atkinson, 1994). To obtain adequate oxygen supply, larvae have to either increase 
intake or reduce requirement by constricting activity and growth (Bickford et al., 
2010).  
 
Elevated temperature may influence sex ratio of amphibians. Sex determination of 
certain species can be environmentally influenced by temperature during the critical 
period of larval stage (e.g. Wallace et al., 1999; Eggert, 2004; Nakamura, 2009). 
Elevated temperatures can potentially skew the sex ratio towards either excess males 
(e.g. Hsü et al., 1971; Dournon et al., 1984; Wallace & Wallace, 2000; Selveindran, 
2012; Seow, 2013) or excess females (Uchida, 1937; Dournon & Houillon, 1984). 
However, not all species appear to be affected (Kelley, 1996; Hayes, 1998; Puan, 
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2011). The effects of increased temperature on sex determination and possible 
triggering temperature for sex change in tropical species are not well understood. It is 
possible that higher temperature can skew the sex ratio towards one end, potentially 
reducing the effective population size. 
 
1.4. Impacts of precipitation changes 
Considerable change in variability and spatial rainfall distribution is predicted to take 
place with climatic change (Neelin et al., 2003; Neelin et al., 2006; Allan & Soden, 
2008), potentially resulting in various physiological, ecological and behavioral 
changes in amphibians (Donnelly & Crump, 1998; Bickford et al., 2010; Blaustein et 
al., 2010). Maintaining water balance through absorption and evaporation is 
particularly challenging for most species as they are influenced by precipitation and 
moisture levels. With the exception of species that can survive in arid environments, 
the integument of most species is highly permeable and moisture can be rapidly lost 
through evaporation (Shoemaker & Nagy, 1977; Hillyard, 1999). In addition, most 
species lack the ability to conserve water by producing hyper-osmotic urine 
(Shoemaker & Nagy, 1977). Once out of water, dehydration can quickly occur and 
potentially result in death (Thorson, 1955). Hence, changes in water availability in the 
environment as a consequence of climate change can greatly impact their survival.  
 
Water requirement of amphibians will also increase with elevated metabolic rates 
associated with increased temperatures (Bickford et al., 2010). Coupled with 
increased evaporation rates at elevated temperatures and greater surface area to 
volume ratio associated with smaller body size, amphibians are more vulnerable to 
desiccation with climatic warming (Bickford et al., 2010). Owing to differences in 
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surface area to volume ratio, this body size reduction is likely to be a bigger problem 
for small-sized individuals (e.g. metamorphs) compared to larger-sized adults and 
thus affect their dispersal ability (Ray, 1958). While this may be less of a problem in 
areas which are projected to be wetter in the future, amphibians living in areas that are 
projected to be drier will face increasing difficulties in maintaining water balance, 
impacting recruitment and survival. 
 
As rainfall is a breeding cue for many species (Vaira, 2005; Richter-Boix et al., 2006; 
Hartel, 2008), less precipitation can potentially disrupt breeding and lead to 
reproductive failure (Donnelly & Crump, 1998; Bickford et al., 2010) while increased 
rainfall can increase their annual activity and reproductive success (Duellman, 1995; 
Donnelly & Guyer, 1994). Several studies have implicated drought with massive 
amphibian declines as drier climate decreases water availability, potentially impacting 
their reproduction success and survival (Corn & Fogleman, 1984; Ingram, 1990). 
However, a study by Stewart (1995) suggests that increased dry duration may be the 
main cause rather than the annual decline in amount of precipitation. Varied impacts 
on species with different breeding strategies are projected as sporadic or explosive 
breeders are less likely to be affected by such changes compared to prolonged 
breeders (Donnelly & Crump, 1998). Furthermore, less rainfall which results in fewer 
ephemeral water pools can reduce the proportion of males in a population with 
breeding success, decreasing the genetic variability that will be passed down to 
subsequent generations and future survivorship (Donnelly & Crump, 1998).  
 
Extended periods of drought will likely increase the frequency and intensity of 
wildfires (Flannigan et al., 2000), which can potentially accelerate habitat loss and 
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species decline. Although some literature suggest that certain amphibians can tolerate 
such disturbances with minimal harmful impacts and may even be beneficial (Pilliod 
et al., 2003; Hossack & Corn, 2007), species that prefer stable environments are likely 
to be adversely impacted by the effects of fire (Hossack et al., 2009). In addition, it is 
not known whether tolerant species are able to withstand increased incidence and 
intensity of fires that is projected to be accompanied with climatic change (Pilliod et 
al., 2003).  
 
As water bodies are more likely to be ephemeral in the future, species with a longer 
larval period will be comparatively more impacted than species with a shorter larval 
period (Bickford et al., 2010). Species with the ability to hasten metamorphosis are 
likely to able to adapt better to these changes (Bickford et al., 2010). While such 
adaptive plasticity accelerates emergence, which may be important for larval survival 
in a rapidly drying water body (Denver et al., 1998), this is at the expense of reduced 
body size at emergence (Crump, 1989), potentially reducing post-emergence fitness 
and survival (Semlitsch et al., 1988; Sibly & Atkinson, 1994; Beck & Congdon, 
2000).  
 
Changes in precipitation and cloud cover that alter moisture levels can potentially 
affect certain species that require high moisture for survival (Bickford et al., 2010). 
For example, direct developers that do not practice parental attendance may be 
particularly at risk as their embryos develop in the terrestrial environment which is 
especially vulnerable to drying (Donnelly & Crump, 1998). In contrast, species that 
practice parental attendance are less likely to be impacted as adults can re-hydrate the 
eggs (Crump, 1996). Changes in moisture levels can also alter their dispersal and 
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movement between sites as low humidity may make some physical paths more 
difficult for adults to cross (Chan-McLeod, 2003), potentially making recolonisation 
where populations have extirpated impossible. 
 
While heavier rainfall may seem more conducive for their survival, sudden prolonged 
precipitation events can have adverse impacts on recruitment. Persistent heavy rain 
can cause flooding and can potentially damage or wash away embryos and larvae to 
unsuitable environments (Donnelly & Crump, 1998; Stuart et al., 2008). Intense 
rainfall can increase soil runoff into aquatic environments, thus impairing proper gill 
function of larvae (Stuart et al., 2008). In addition, increased as well as unpredictable 
rainfall can result in reproduction mismatch as delayed filling up of water bodies may 
impair their breeding conditions (Donnelly & Crump, 1998). 
 
 
1.5. Interactive effect with other stressors  
Amphibians can also be indirectly affected by increased temperature through its 
interaction with other biotic components in the ecosystem. With climatic warming, 
predator-prey interactions may be altered (Axelsson et al., 1997, Anderson et al., 
2001) by a reduction in the nutritional value of primary producers (Lawler et al., 
1997; Coley, 1998; Kanowski, 2001). This consequently result in the reduction in 
abundance of primary consumers (Williams et al., 2003), translating into a reduced 
prey base and resulting in fewer individuals. 
 
Temperature increase can also alter host-pathogen interactions by changing pathogen 
infectivity and/or host immunity. This has been linked in the decline and extinction of 
some tropical montane amphibians (Berger et al., 2004; Pounds et al., 2006; Fisher, 
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2007). How host-pathogen interactions will alter with climate warming depends on 
changes in relative fitness. If pathogen fitness decreases more than the host’s, the host 
will benefit (and vice versa). Studies have suggested that host-disease dynamic is 
temperature-dependent as amphibians seem to be more tolerant to higher temperatures 
compared to most pathogens (e.g. Rojas et al., 2005; Andre et al., 2008; Bustamante 
et al., 2010). This higher survival of amphibians at elevated temperature has been 
attributed to enhanced immune defense and reduction in pathogenic growth (Matutte 
et al., 2000; Rojas et al., 2005) and appears to be species-specific (Carey et al., 2006). 
However, greater thermal variability in the future can also compromise the host’s 
immunity as there is a lag time before the immune system can respond to its optimal 
immunity (Raffel et al., 2006). Although amphibians that are currently distributed in 
geographic areas within the pathogen’s thermal optimum range may be detrimentally 
affected, future temperature increases may benefit amphibian survival. It is possible 
that higher temperatures exceed thermal tolerance of these disease causing agents, 
resulting in lowered survivability and massive die-offs of these pathogens.  In 
contrast, amphibian populations that are currently distributed in geographic areas 
experiencing temperatures below the pathogen’s thermal optima may be more 
aversely affected in the future as these novel pathogens can spread to these previously 
colder and less conducive environments as the environment becomes warmer. This is 
supported by observations of disease outbreaks at high elevation tropical areas and is 
attributed by rising temperatures that shift toward thermal optima of the pathogens 
(Pounds et al., 2006). Synergistic interactions between elevated temperature and 
pathogens on amphibian mortality are most likely to occur in temperate and tropical 
highland species in the future, compared to tropical lowland species, unless pathogens 
adapt to a new climatic regime. Precipitation changes through its interaction with 
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other abiotic and biotic components in the ecosystems may indirectly affect 
amphibians. Water availability can alter severity and virulence of pathogens 
(Kilpatrick et al., 2010; Kiesecker, 2011; Murphy et al., 2011). For instance, changes 
in rainfall may influence disease transmission in the future. Limited water availability 
during dry years has been speculated to facilitate spread of pathogens within a 
population as individuals congregate at a limited number of water bodies, potentially 
increasing transmission risk (Laurance, 1996; Pounds et al., 2006). However, 
experimental evidence suggested periodic drying increases survival time of 
amphibians after disease exposure as this dryness can reduce survival of pathogens 
(Bustamante et al., 2010; Murphy et al., 2011).  
 
Temperature increase can also affect the interaction between native and invasive 
species. How this interaction plays out will depend on the shift in competitive 
superiority under new climatic regimes (Hellmann et al., 2008). Biotic interactions are 
likely to be altered, often benefiting invasives at the expense of natives. Being 
generally more tolerant to temperature extremes (McMahon, 2002), elevated 
temperature can increase exotic species’ ability to compete and predate, at the 
expense of natives. With climate change, existing barriers that prevent the 
establishment of exotic species may break down. For example, distributional range 
expansion can occur and may open up higher-altitudinal and latitudinal parts which 
were formerly too cold for the survival of exotics, facilitating their invasion by 
alleviating thermal barriers (Hellmann et al., 2008). Climate change can also induce a 
shift in thermal preference by invasive species toward a cooler environment, 
increasing competition and spreading novel pathogens to native species (Rahel & 
Olden, 2008).  
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Temperature increase can also alter the effects of ultraviolet-B (UVB) radiation on 
amphibians and this is dependent on changes in UVB exposure and activity of 
photolyase (an enzyme necessary in rebuilding genetic material). As amphibians 
undergo increasing elevational displacement (Bustamante et al., 2005; Raxworthy et 
al., 2008), they will be exposed to greater UVB radiation as there is a lack of 
vegetation cover, resulting in deleterious impacts on their survival (Bickford et al., 
2010). These negative effects are further excerberated as amphibian larvae are known 
to seek warmer temperatures over avoiding UVB exposure (Bancroft et al., 2008b).  
However, these impacts may be reduced as photolyase (an enzyme necessary in 
rebuilding genetic material) has elevated activity at higher temperatures. Several 
studies have observed that amphibians kept at elevated temperatures under UVB 
exposure have higher survivorship compared to individuals kept at lower temperatures 
(van Uitregt et al., 2007; Searle et al., 2010). In addition, accelerated development of 
embryos and larvae at higher temperatures can reduce overall UVB exposure although 
this comes at a tradeoff of smaller body size at metamorphosis (Smith-Gill & Berven, 
1979; Hayes et al., 1993). Changes in precipitation or cloud cover can also alter UVB 
exposure. For example, decrease in water levels will result in greater UVB levels 
penetrating the water column, potentially increasing exposure (Kiesecker et al., 
2001a). Similarly, shift in cloud cover can also alter exposure as less cloud cover can 
expose amphibians to greater UVB levels (Lubin & Jensen 1995; Bickford et al., 
2010). 
 
Temperature increase can also change the interactive impacts of pollution and this is 
dependent on changes in toxicity of the contaminant. Rising temperature is expected 
to increase toxicity of certain chemicals such as carbaryl (Boone & Bridges, 1999) 
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and esfenvalerate (Materna et al., 1995), while making others such as cadmium less 
toxic (Ferrari et al., 1993). On the other hand, the toxicity of certain pollutants such as 
sulphuric acid (Pough & Wilson, 1977; Punzo, 1983; Griffithsand & de Wijer, 1994) 
does not appear to be affected by temperature. Higher temperatures can also alter 
environmental fate, uptake and excretion of the contaminant and the duration of 
exposure (Noyes et al., 2009). While elevated temperature accelerates degradation of 
certain contaminants and can reduce concentration and their impact (Bailey, 2004), 
reduction in body size as a result of warming can increase absorption rate of 
contaminant per unit weight of the organism. This is further exacerbated by lower 
growth rates as a result of pollutants (Hayes et al., 2006). However, the potential 
detrimental impacts may be minimised as biological excretion also increase at higher 
temperatures and contaminant exposure may be reduced with accelerated 
development (Rohr et al., 2011). In addition, the exposure to sublethal concentration 
of pollutants can weaken amphibians and diminish their thermal tolerance limit 
(Johnson, 1976), making them more vulnerable to temperature extremes projected in 
the future. Changes in precipitation can alter the impact of pollution. High rainfall can 
benefit amphibians as a greater volume of water will dilute the concentration of 
water-soluble chemicals. Inversely, lower rainfall may detrimentally impact 
amphibians as the concentration of these pollutants will be higher. Although the 
current practice of pesticide application after the wet season can minimize pesticide 
washoff (Matthews, 2002), altered precipitation patterns in the future may increase 
chemical runoff and increase exposure during the most vulnerable developmental 
period, detrimentally affecting fitness and survivorship (Noyes et al., 2009). 
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As multiple abiotic and biotic stressors are present in the wild and can simultaneously 
interact with climate change (Blaustein & Kiesecker, 2002; Bosch et al., 2007; Hof et 
al., 2011), it is important to understand their interactive impacts across species and 
assemblages. However, very little is known about these complex relationships as most 
studies focus on just one stressor, thus making it difficult to infer the complex 
relationships from the results of such studies (Folt et al., 1999). With many potential 
interactions, the combination of multiple anthropogenic stressors with climate change 
becomes more complex as the number of stressors increases.  
 
Strengthening synergistic interactions between disease and invasive species is very 
likely with climate change, especially in tropical highlands and temperate regions 
where temperature is currently below the physiological optima of both the pathogen 
and the invading species. In contrast, synergistic interaction is likely to be weakened 
significantly in tropical lowlands where projected temperature increases exceed 
physiological limits of the pathogens and/or invasive species. How climate change 
can change immunity and competitiveness of native amphibians is important as it can 
either reduce or aggravate the impact of these interacting stressors. While temperature 
increase can augment temperature-dependent immunity of amphibians and survival 
against infection, this can be potentially stressful as additional energy has to be 
redirected to boost immunity. Changes in precipitation can also alter these 
interactions. While regions with drier climates in the future (as a result of less 
precipitation) may be sub-optimal for native species, this may indirectly benefit them 
as it can potentially reduce pathogen-host and/or native-invasive species interactions.  
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Another possible scenario is weakening of antagonistic interactions between UVB and 
emerging disease with climate change. Although high UVB exposure can 
detrimentally impact both host and pathogen, disease causing agents may be more 
detrimentally affected, minimizing overall impact on amphibians (Ortiz-Santaliestra 
et al., 2011). While future projected UVB reduction is expected to increase amphibian 
survival, this benefit may be reduced by increased interaction between disease and 
host in areas where the temperature is currently below the physiological optima of 
pathogens. Other environmental variables can alter interactions. For example, reduced 
dissolved oxygen (DO) arising from increased water temperature and a higher 
metabolic demand may force amphibian larvae to remain near the water surface 
(where DO is higher) for extended duration (Wong & Booth, 1994), exposing them to 
greater predation risk and UVB radiation. Antagonistic interactions between UVB and 
disease with rising temperature can be altered by pollution, adding to the complexity. 
For instance, while acid rain has both lethal and sublethal impacts on amphibians 
(Pierce, 1985; Freda, 1986), it can also reduce survival of pathogens (Piotrowski et 
al., 2004), potentially changing host-pathogen interactions. In addition, acidification 
can increase water clarity through changes in dissolved organic carbon (Bukaveckas 
& Driscoll, 1991), allowing more UVB-radiation to penetrate the water column and 
increase UVB exposure (Yan et al., 1996). Hence, overall interactions between these 
stressors with rising temperature on amphibians are complex and likely to be variable, 
but will probably not be uniformly synergistically negative for amphibians in most 
cases since pathogens are also negatively affected by climate change. 
 
A likely scenario is the strengthening of synergistic interactions between pollution 
and invasive species with climate change. Rising pollution coupled with higher 
25 
toxicity of certain chemicals at elevated temperature is likely to further weaken the 
health of both native and exotic amphibians, potentially making them more vulnerable 
to other stressors and turning sub-lethal stressors lethal. While both native and 
invasive species may be detrimentally impacted by this synergy between elevated 
temperature and pollution, the generally more tolerant invasives are less likely to be 
affected compared to natives, shifting the competitive advantage in favor of exotics 
and opportunistically assisting them in out-competing and displacing natives. This 
change (favoring invasives over native species) is more likely to occur in tropical 
highlands and temperate regions than tropical lowlands where current low 
temperatures serve as a potential barrier in preventing their establishment (Hellmann 
et al., 2008; Rahel & Olden, 2008). The overall interaction between pollution and 
invasive species with climate change, therefore, is likely to strengthen, threatening 
native amphibian communities more than each of these factors alone or in tandem. 
 
Altered interactions between pollution and other stressors with climate change are 
also highly likely. Certain contaminants, such as atrazine, can suppress the immunity 
of amphibians, causing them to be more vulnerable to infection (Forson & Storfer 
2006a, 2006b; Hayes et al., 2006). Interactive counter-intuitive effects can also occur 
among contaminants and climate change together with other biotic and abiotic factors 
(Parris & Baud 2004; Romansic et al., 2006). For example, although carbaryl is more 
toxic to amphibian larvae at higher temperature (Boone & Bridges, 1999), it may 
indirectly increase their survival. As carbaryl is generally more toxic to zooplankton 
than amphibian larvae, pollutant levels that are sublethal to tadpoles can wipe out 
zooplankton, triggering an algal bloom, increasing food supply and accelerating 
growth of tadpoles (Boone & Semlitsch, 2002; Bridges & Boone, 2003). However, 
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climate change (through changes in temperature and carbon dioxide levels) and 
presence of pollutants (including fertilizers) can synergistically positively influence 
growth of primary producers. This can have cascading effects through the trophic 
hierarchy, altering interactions. While some pollutants have direct acute and chronic 
impacts on amphibians (Hecnar, 1995), they can also indirectly alter amphibian 
survival. This is because algal blooms from eutrophication can increase algal cover 
(Smith et al., 1999) and reduce amount of UVB penetrating the water column, 
minimizing UVB exposure of amphibians. Nutrient enrichment coupled with elevated 
carbon dioxide concentration from climate change can potentially enhance algal 
growth and expand the food base for tadpoles, increasing survivorship and growth. 
However, this increased primary production also causes drastic increases in 
populations of snails and their parasitic trematodes. Ultimately, trematode infections 
in amphibian larvae increase, resulting in amphibian deformities and higher than 
normal mortality (Johnson et al., 2007). Detrimental impact of trematodes on 
amphibians may be intensified by rising temperatures which can accelerate the life 
cycle of this parasite (Poulin, 2006). Given that there are so many possible 
interactions and pollutants within ecosystems, effects among pollution, emerging 
diseases, and climate change are not easy to predict. However, it is more likely that 
overall interactions between these stressors will be synergistic in impacting 
amphibians for different scales and pollutants. 
 
For a more comprehensive review of the impacts of climate change on amphibians, 
please refer to reviews on the topic by Donnelly & Crump, 1998; Bickford et al., 
2010; Blaustein et al., 2010 and Li et al., 2012. 
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1.6. General Questions  
Specific questions addressed in each chapter are:  
1) To assess which amphibian species in Singapore are most susceptible to the 
impacts of climatic change. This was done through a semi-quantitative 
vulnerability assessment by five different criteria (Chapter Two); 
2) To determine whether changes in amphibian species composition and 
distribution in Bukit Timah Nature Reserve have occurred over the past 15 
years. This was done by comparing distributional data of amphibians from 
current surveys with recent historical data (Chapter Three); 
3) To test the hypothesis that the tropical amphibian community in the open 
country habitat is more at risk to climatic warming compared to the 
community in the forested habitat. In addition, the hypothesis that tropical 
amphibian communities are more vulnerable compared to subtropical or 
temperate amphibian communities is also tested. Acute warming tolerance 
experiments were used to test both hypotheses (Chapter Four); 
4) To examine the effect of elevated temperature and its potential interaction 
with low pH on amphibian survival and development. Fully factorial 
experiments with the two stressors (pH and elevated temperature) were 
conducted to determine the effects of each individual stressor and their 
interaction (Chapter Five); 
5) To quantify the individual effect of elevated temperature and its interaction 
with other stressors on amphibian survival using the factorial meta-analysis 
technique (Chapter Six). 
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Chapter Two. Vulnerability to climate change — assessment of Singapore 
amphibians 
2.1 Introduction 
Although impacts of climate change on biodiversity are increasingly evident, the 
effects are likely to vary between species; with sensitive species more vulnerable and 
tolerant species more resilient to impact. Generalists with a wide physiological 
tolerance are projected to be less impacted by climate change than specialists with 
stenotopic requirements (Donnelly & Crump, 1998). Hence, it is important to identify 
sensitive species that are most vulnerable in order for managers to better plan and take 
appropriate actions to conserve them more effectively (Patt et al., 2009; Bagne et al., 
2011). Various climate change vulnerability assessment tools have been developed to 
assess relative risk of a species to climatic changes and these usually involve 
evaluation of environment, phenology, physiology and species interactions (Bagne et 
al., 2011; Alcala et al., 2012). 
 
In Singapore, 30 amphibian species have been recorded (two caecilians and 28 
anurans) (Baker & Lim, 2012; See Table 2.1). As most of the original habitats have 
been lost (Corlett, 1992), forest-dependent species (approximately 60% of the total 
amphibian fauna) are confined mostly within the nature reserves while the remaining 
human commensal species are generally widespread across urban landscapes (Baker 
& Lim, 2012). Twenty-six species are native and four species are believed to be 
introduced (Baker & Lim, 2012; Ng & Yeo, 2012). As Singapore is separated from  
Peninsular Malaysia by the Johor Straits by approximately one km, endemism of 
Singapore amphibians is low with only one taxonomically uncertain species 
(Ichthyophis singaporensis) thought to be endemic to the island (Baker & Lim, 2012). 
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Although none of the amphibian species present in Singapore was assessed to be 
globally threatened (Stuart et al., 2008), 11 species are considered to be locally 
threatened (Lim, 2008).  
 
Table 2.1. List of amphibian species recorded in Singapore. 
Family Scientific name Common name Status 
    
Ichthyophiidae    
 Ichthyophis paucisulcus Sumatran Striped Caecilian Native 
 
Ichthyophis singaporensis Singapore Black Caecilian  Native 
    
Bufonidae    
 Duttaphrynus melanostictus Asian Toad Native 
 Ingerophrynus quadriporcatus Four-ridged Toad Native 
 Pelophryne signata Saint Andrew's Cross Toadlet Native 
Megophryidae    
 Leptobrachium nigrops Black-eyed Litter Frog Native 
 Megophrys nasuta Malayan Horned Frog Native 
Dicroglossidae     
 Fejervarya cancrivorus Crab-eating Frog Native 
 Fejervarya limnocharis Field Frog Native 
 Limnonectes blythii Malayan Giant Frog Native 
 Limnonectes malesianus Malesian Frog Native 
 Limnonectes paramacrodon Masked Swamp Frog Native 
 Limnonectes plicatellus Rhinoceros Frog Native 
 Occidozyga sumatrana Yellow-bellied Puddle Frog Native 
Ranidae     
 Hylarana baramica Golden-eared Rough-sided Frog Native 
 Hylarana erythraea Common Greenback Native 
 Hylarana labialis Copper-cheeked Frog Native 
 Hylarana guentheri Günther's frog Introduced 
 Hylarana laterimaculata Masked Rough-sided Frog Native 
 Lithobates catesbeianus American Bullfrog Introduced 
Rhacophoridae    
 Nyctixalus pictus Spotted Tree Frog Native 
 Polypedates leucomystax Four-lined Tree Frog Native 
 Rhacophorus cyanopunctatus Blue-legged Tree Frog Native 
 Theloderma horridum Thorny Tree Frog Native 
Microhylidae     
 Kalophrynus limbooliati Lim's Black-spotted Sticky Frog Native 
 Kaloula pulchra Banded Bullfrog Introduced 
 Microhyla mantheyi Manthey's Chorus Frog Native 
 Microhyla butleri Painted Chorus Frog Native 
 Microhyla fissipes East Asian Ornate Chorus Frog  Introduced 




Consistent with warming worldwide, the average temperature in Singapore has risen 
by approximately 0.25 °C per decade since the 1970s (NEA, 2010). Although there 
are no discernible changes in annual rainfall patterns (NEA, 2010), local rainfall 
intensity has been on the upward trend in recent years (NCCS, 2012). Relative to 
current levels, the average temperature in Singapore is projected to increase another 
2.7–4.2 °C by 2100, the annual rainfall to have non-discernible changes and sea levels 
to increase by 24–65 cm (NEA, 2010). Increased frequencies and intensities of 
extreme weather conditions such as heat waves, droughts and floods are also expected 
(IPCC, 2007).  
 
As species differ in ecological and physiological aspects, varied impacts are expected 
between species. Therefore, the objective of this study is to determine and predict 
differences in vulnerability of amphibian species in Singapore to temperature and 
precipitation changes owing to climate change.  
31 
2.2 Methods 
To evaluate vulnerability of amphibian species in Singapore to climate change, a 
semi-quantitative system modified from Alcala et al. (2012) was used as not all the 
criteria used in that study are applicable in the context of Singapore. The five criteria 
used by Alcala et al. (2012) are (Status, Elevation, Habitat, Reproduction & Rarity) 
and it differs from the five criteria used in the current study (Habitat, Larval duration, 
Oviposition site, Relative abundance & Distribution status). However, there is limited 
elevation in Singapore and is unlikely to be of significant importance in Singapore 
context. Although some larger scale studies have incorporated habitat niche modelling 
to assess the impacts (Araújo et al., 2006), this was not conducted for this study given 
the small geographic size of Singapore and little climatic variation within it. The five-
point scoring system by Alcala et al. (2012) was modified to a four-point scoring 
system to account for fewer species within Singapore context. 
 
Two species (I. singaporensis and L. catesbeianus) were excluded from the 
assessment by reason of taxonomic uncertainty and absence of established 
populations respectively. A total of 28 species were assessed based on available 
published literature and unpublished data. Each amphibian species was scored based 
on five criteria (habitat, larval duration, oviposition site, relative abundance and 
distribution status) that are further described in Table 2.2. While the life-history of 
most Singaporean amphibian species has been relatively well-documented (e.g. Leong 
& Chou, 1999; Baker & Lim, 2012; Ng & Yeo, 2012), information for several species 
(e.g. H. baramica, L. paramacrodon and R. cyanopunctatus) is limited and has to be 
inferred from the best available data from closely related species (See Table 2.3).  
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Given that each criterion has a maximum score of four and there are a total of five 
criteria, the maximum possible vulnerability score is 20 while minimum score is five. 
After assigning vulnerability scores for each species, all 28 species were arranged 
from highest (19) to lowest (8) scores and subsequently allocated into three groups of 
four. Vulnerability scores are not weighted by relative impact of each criterion, not 
scaled linearly and refers to relative vulnerability for Singapore species only. Species 
with scores 16–19 are placed in the Highly Vulnerable group; species with scores 12–
15 are placed in the Moderately Vulnerable group; and species with scores 8–11 are 
placed in the Least Vulnerable group.  
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Table 2.2. Assessing vulnerability of Singapore amphibians to climate change 
Criteria Description Score Remarks 
Urban areas 1 
Species in this category can thrive 
in disturbed environments 
Forest streams/ponds 2 
Forest (terrestrial or fossorial)  3 
Habitat 
Forest (arboreal)  4 
Arranged according to moisture 
levels 
< three weeks 1 
Three weeks to < six weeks 2 
Six weeks to < nine weeks 3 
Larval 
duration 
> nine weeks 4 
Species with long larval period 
are more likely to be impacted by 
greater variability in precipitation 
compared to species with short 
larval period 
In relatively permanent water 
bodies (ponds and streams) 
1 
In ephemeral water bodies (forest) 2 





Out of water 4 
Arranged according to likelihood 






Very rare 4 
Rare species are more impacted 
by population declines as 
compared to more common 
species 
Exotic species 1 
Exotic species generally can 
tolerate environmental changes 
2 
Distributed in and out of 
Southeast Asia 
3 




















































































Highly Vulnerable               
Theloderma horridum Rhacophoridae 4a 4h 4b 4a 3a 19 
Rhacophorus cyanopunctatus Rhacophoridae 4a 4h 4h 3a 3a 18 
Nyctixalus pictus Rhacophoridae 4a 4b 4b 2a 3a 17 
Ichthyophis paucisulcus Ichthyophiidae 3e 4h 2h 4a 3a 16 
Moderately Vulnerable         
Pelophryne signata Bufonidae 4e 2b 2b 3a 3a 14 
Ingerophrynus quadriporcatus Bufonidae 3a 3h 2b 2a 3a 13 
Limnonectes plicatellus Dicroglossidae 2a 3h 1b 3a 4a 13 
Megophrys nasuta Megophryidae 2a 4f 1b 3a 3a 13 
Microhyla mantheyi Microhylidae 2a 3h 2b 3a 3a 13 
Limnonectes paramacrodon Dicroglossidae 2a 3h 1h 3a 3a 12 
Kalophrynus limbooliati Microhylidae 3a 1g 2b 2a 4a 12 
Least Vulnerable         
Limnonectes malesianus Dicroglossidae 2a 3h 1b 2a 3a 11 
Occidozyga sumatrana Dicroglossidae 2a 2b 2b 2a 3a 11 
Leptobrachium nigrops Megophryidae 2a 4b 1b 1a 3a 11 
Hylarana baramica Ranidae 2a 3h 1h 2a 3a 11 
Hylarana laterimaculata Ranidae 2a 3h 1b 2a 3a 11 
Polypedates leucomystax Rhacophoridae 1a 3b 4b 1a 2a 11 
Fejervarya cancrivorus Dicroglossidae 1a 3b 3b 1a 2a 10 
Limnonectes blythii Dicroglossidae 2a 3h 1b 1a 3a 10 
Microhyla fissipes Microhylidae 1a 2h 3c 3c 1a 10 
Hylarana erythraea Ranidae 1a 4b 1b 1a 3a 10 
Hylarana labialis Ranidae 2a 3g 1b 1a 3a 10 
Fejervarya limnocharis Dicroglossidae 1a 2b 3b 1a 2a 9 
Hylarana guentheri Ranidae 1d 4h 1b 2d 1a 9 
Microhyla butleri Microhylidae 1a 2b 3b 1a 2a 9 
Microhyla heymonsi Microhylidae 1a 2b 3b 1a 2a 9 
Duttaphrynus melanostictus     Bufonidae 1a 1g 3b 1a 2a 8 
Kaloula pulchra Microhylidae 1a 2b 3b 1a 1a 8 
 
Derived data sources are alphabetically superscripted. a) Baker & Lim, 2012; b) Leong & 
Chou, 1999; c) Ng & Yeo, 2012; d) Leong & Lim, 2011; e) Lim & Leong, 2008; f) 
Wildenhues et al., 2012; g) own unpublished data; h) Inferred. 
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Of the 28 evaluated amphibian species, four (14.3%) are classified in the Highly 
Vulnerable category; seven (25%) are classified in the Moderately Vulnerable 
category while 18 (60.7%) are classified in the Least Vulnerable category (Table 2.3). 
Of the eleven species (39.3%) evaluated to be Highly Vulnerable or Moderately 
Vulnerable (Table 2.3), eight have local conservation status of Critically Endangered 
or Endangered. 
 
Species evaluated to be Highly Vulnerable to the impacts of climate change are from 
two Families — Ichthyophiidae and Rhacophoridae (Table 2.3). With exception of N. 
pictus with a local conservation status as Vulnerable, the remaining three species (I. 
paucisulcus, R. cyanopunctatus and T. horridum) are critically endangered locally. 
 
Species evaluated to be Moderately Vulnerable are forest-dependent and from five 
different families – Bufonidae, Dicroglossidae, Megophryidae and Microhylidae. 
With the exception of I. quadriporcatus which is not locally red-listed, five species 
(L. paramacrodon, L. plicatellus, M. mantheyi, M. nasuta and P. signata) are either 
endangered or critically endangered locally while one species (K. limbooliati) is 
vulnerable locally. 
 
Of the species evaluated to be Least Vulnerable, only one species (H. baramica) is 
listed with a local conservation status. Many species assigned in this category are 
generally common and can be found in human-modified habitats. In addition, most 




Reconstruction of historical global climate using different proxies (e.g. corals, ice 
cores, tree rings and historical records) suggests that the earth experienced 
considerable temperature fluctuations over the past few millennia (IPCC, 2007), 
indicating that amphibians are able to persist through these thermal variations. 
However, with the drastic and rapid increase in anthropogenic greenhouse gases 
emissions since the industrial revolution, global average temperatures have been 
rising at an unprecedented pace (IPCC, 2007). Given that the temperature increase is 
projected to exceed historical variability, little is known whether this highly 
threatened taxonomic vertebrate group will be able to cope and adapt to the various 
changes accompanied with climate change. 
 
As they have poor dispersal abilities, amphibians are generally unable to shift 
latitudinally polewards over long distances (Bickford et al., 2010). Although they can 
shift elevationally upwards to avoid the heat (Seimon et al., 2006; Raxworthy et al., 
2008) as temperatures decrease by around 1 °C per 150m increase in elevation 
(Mapes, 2001; Danielson et al., 2002), there is very limited potential for upward 
elevational shift in Singapore. This is because the highest point locally is 
approximately 162m (Thomas, 1991) which offers a maximum of 1 °C temperature 
reduction. Given a projected temperature increase of up to 4 °C, the compensatory 
effect of shifting elevationally upwards will be insufficient for species found in 
Singapore.  
 
Although adapting to a changing climate is possible, adaptation through evolution is a 
slow process that spans many generations and rate of change is influenced by multiple 
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factors such as genetic variation and phenotypic plasticity (Angilletta Jr, 2009). Given 
their generation time, amphibians are unlikely to evolve quickly enough to keep up 
with changing climate (Bickford et al., 2010). For tropical species, limited 
evolutionary potential exist to cope with higher temperatures as they are already near 
their thermal maximum theoretical limit (Hoffmann & Weeks, 2007; Pertoldi & Bach, 
2007; Angilletta Jr, 2009). Hence, amphibians in Singapore will have to tolerate the 
changes or increase their likelihood of going locally extinct. Unfortunately, tropical 
ectotherms are surviving already very close to their thermal optima and a small 
temperature increase will exceed their optimal temperatures, thereby reducing their 
fitness (Stillman, 2003; Deutsch et al., 2008).  
 
Species in the Highly Vulnerable group consist of fossorial or arboreal forest-
dependent species with extremely localised distributions. As most of these species are 
locally rare with small population sizes, they are more susceptible to localised 
extinction as a result of random stochastic events (Shaffer, 1981). Reduction in 
moisture is likely to elevate desiccation risk of their eggs which are deposited out of 
water. However, embryo mortality may be partially mitigated as drier conditions can 
reduce likelihood of fungal infections. Phytotelm specialists with long larval periods 
(e.g. N. pictus and T. horridum) are particularly vulnerable to precipitation changes as 
their tadpoles survive in small ephemeral water bodies and there will be increased risk 
in the future that these aquatic environments will dry up before they reach 
metamorphosis. Other phytotelm specialists such as K. limbooliati and P. signata are 
likely to be less impacted as their eggs are deposited in water and their larvae have a 
shorter larval period.  
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To cope with increased evaporation and drier microhabitats, distribution of 
individuals will be restricted to areas with high moisture levels to minimise water 
loss. As temperature in the forest canopy is considerably higher than the understory or 
forest floor (Allee, 1926; pers. obs.), temperature rise may result in a downward shift 
for arboreal species to a more terrestrial environment. While this adaptive behavioural 
change may be able to partially alleviate problems of high temperature and reduced 
moisture, compensatory adaptation is likely to increase competition and may impact 
breeding success, reducing overall survivorship (Bickford et al., 2010). 
 
Species in the Moderately Vulnerable group consist of mostly rare forest-dependent 
species with fairly restricted distributions in Singapore. Most of these species breed in 
forest streams and may be vulnerable to intense rainfall episodes which greatly 
increase water flow and sedimentation; potentially washing larvae downstream to 
unsuitable environments or impairing gill function (Stuart et al., 2008). Although 
forest streams are less likely to dry up compared to arboreal phytotelms, extended dry 
periods and higher temperatures in the future may increase likelihood of streams 
drying up. This may be a potential problem as larvae of most forest stream species 
have long developmental periods. 
 
Species in the Least Vulnerable group mainly consist of common and widespread 
human commensal species, including all introduced species. Many species are able to 
tolerate some degree of anthropogenic disturbance and are presumed to be more 
resilient to the detrimental impacts of climatic change. They often have adaptive traits 
that allow them to survive in harsh open country environments which are hot and dry. 
For example, P. leucomystax creates and deposits eggs in a foam nest which reduces 
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desiccation risk (Dobkin & Gettinger, 1985). Larvae of some species have high 
thermal tolerance of >40 °C and relatively short larval duration of a few weeks, 
reducing their likelihood of thermal stress and desiccation (Leong & Chou, 1999; See 
Chapter 4 results). Adults of certain species (e.g. F. limnocharis and K. pulchra) can 
tunnel below the soil surface to avoid high temperature during the day and only 
emerge to the surface at night when the temperature is cooler (pers. obs.). In addition, 
some of these adaptable species (e.g. D. melanostictus and P. leucomystax) have been 
observed to breed in artificial ponds (pers. obs.). As these man-made water bodies are 
periodically top up with additional water, the risk of desiccation will be minimised as 
water will be available throughout the year. Hence, species that are able to utilise such 
permanent artificial water bodies will be less impacted by such precipitation changes 
caused by climate change.  
 
Compared to more mobile larvae or adults, immobile eggs are potentially more 
vulnerable as they are very sensitive to high temperatures during gastrulation (Brown, 
1967; Zweifel, 1968b). Fortunately, amphibians usually lay eggs at night (where 
temperature is cooler) and fertilised embryos will have sufficient time to develop 
beyond gastrula stage by noon (where temperature is highest), effectively avoiding 
exposure to thermal stressful temperatures during the most sensitive period (Brown, 
1967). 
 
Larvae of ephemeral pool breeders may be more vulnerable to drying as these 
temporal water bodies will hold water for a shorter period in the future. Accelerated 
drying of these microhabitats will increase embryo and larval density, increasing food 
competition and reducing survival (Donnelly & Crump, 1998). Although faster larval 
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development at higher temperatures can partially compensate for it (Duellman & 
Trueb, 1986; Newman, 1992), this comes at the cost of smaller metamorphs with 
reduced fitness (Newman, 1988; Bickford et al., 2010). In addition, some saline 
intolerant species that are found in coastal areas may be impacted by rising sea levels 
and increasing salinity. Conversely, certain tolerant species (e.g. D. melanostictus and 
F. cancrivorus) may be less impacted as their larvae can tolerate slightly saline water 
(Gordon & Tucker, 1965; Dunson, 1977; Karraker et al., 2010). 
 
Introduced species often have traits (e.g. high desiccation and thermal tolerance) that 
enable them to tolerate adverse environmental changes (Pough et al., 1977; 
D’Antonio et al., 2001). These species are considered invasive when they have 
detrimental impact on native species (Rahel & Olden 2008). Invasive species are less 
likely to be impacted by climate change compared to natives. Although non-
indigenous species present in Singapore do not currently pose a serious threat to 
native amphibians (Ng & Yeo, 2012), interactions between natives and non-natives 
may be altered with climate change. For example, exotic species may shift their niche 
preference to avoid higher temperatures and invade niches of native species, 
increasing competition and predation risks. In addition, spread of novel pathogens to 
native amphibian populations by exotics may be possible as they are known carriers 
of emerging infectious diseases (Hanselmann et al., 2004; Garner et al., 2006; Gilbert 
et al., 2013). 
 
On the whole, amphibian species in Singapore are probably more resilient to climate 
change than neighbouring countries in Southeast Asia. This is attributed to the 
absence of highland species with localised distributions and direct developers. As 
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moisture levels decrease with increasing elevations, species that survive only in high 
altitudes are most likely to be impacted by drying effects of climate change arising 
from the shifts in cloud cover (Pounds et al., 1999). Direct developers (where the 
larvae develop within the egg membrane and emerge as small metamorphs) are 
especially vulnerable to reduction in moisture levels and temperature increase 
(Bickford et al., 2010; Scheffers et al., 2013). In addition, it is likely that some 
sensitive species may have been extirpated before they were even recorded (owing to 
historical habitat loss and degradation), with the current amphibian assemblage in 
Singapore a remnant of the original diversity.  
 
Limitations 
As current understanding of climate change is limited and there are wide variations in 
future predictions based on current models, predicting how amphibians in Singapore 
will fare in the future is difficult. Although this scoring system was adapted from 
existing IUCN guidelines (IUCN, 2007) with the removal of certain criteria that are 
less important or do not differ between amphibian species, some important criteria 
(e.g. population size, long-term population trends, physiological limits etc.) were 
excluded as well because of paucity of such data for most species. An “ideal” 
assessment index would have to incorporate such quantitative criteria. In addition, for 
species with not well-understood ecology, their information was inferred from their 
closest relatives and may not be representative of the species. Hence, future studies 
will be needed to investigate ecology of species that are not well-documented. As the 
criteria used are specifically for Singapore’s context and differ from other studies (e.g. 
Alcala et al., 2012), direct comparison between them is not possible.  
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In addition, there are considerable uncertainties pertaining to how different species 
will respond to climate change. Although the assessment from this chapter suggest 
that species found in open-country habitats are generally less vulnerable to climate 
change compared to forest-dependent species, the results differ from chapter four 
where the results suggest that open-country species are more vulnerable to warming 
than the latter. Hence, this assessment of the climate change vulnerability of 
Singapore amphibian species is preliminary and provides hypotheses which can be 
tested through future field investigations.  
 
2.5 Conclusions 
This evaluation identified species that are most at risk, allowing managers to prioritise 
actions for more effective conservation efforts. However, this initial assessment has 
its limitations attributed to lack of data and current understanding of climate change. 
To validate these results, more studies will be required to better understand adaptive 
abilities and physiological limits of amphibians. By determining abundance and 
distribution changes over time, species vulnerability to climate change can be better 
ascertained and also serve as an indicator of future changes.  
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Chapter Three. Changes in species composition and population trends of 
amphibians in the Bukit Timah Nature Reserve. 
3.1 Introduction 
Many amphibian populations throughout the world are declining at alarming rates 
(Houlahan et al., 2000; Stuart et al., 2004) with a plethora of drivers (e.g. chytrid 
fungus, habitat loss, invasive species, over-collection, pollution) implicated in their 
decline (Sodhi et al., 2008). More startling are enigmatic declines in protected areas 
reported in Australia (McDonald, 1990), Central America (Lips, 1998) and North 
America (McMenamin et al., 2008). Although such massive declines have been 
widely documented in temperate regions as well as in the tropical highlands, such 
observations have been seldom documented in the tropical lowlands (Whitfield et al., 
2007).  
 
As a result of their biphasic life history, trophic ecology and permeable skin, 
amphibians are generally regarded to be good indicators of an ecosystem’s health and 
are comparatively more vulnerable than other vertebrate groups to anthropogenic 
disturbances (Vitt et al., 1990). This is because small environmental changes can 
potentially result in behavioural, ecological and physiological performance losses 
(e.g. Feder & Burggren, 1992; Carey, 1993; Beebee, 1995), influencing their 
population dynamics and long term survival.  
 
In Singapore, 25 native amphibian species have been recorded, of which 23 are 
anurans (Baker & Lim, 2012). While commensal species (e.g. D. melanostictus and P. 
leucomystax) have benefited from urbanisation and become more widespread, many 
forest-dependent species (e.g. M. nasuta and T. horridum) have probably experienced 
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range reductions as a result of habitat loss and are currently restricted to nature 
reserves. Legally protected since 1939, the Bukit Timah Nature Reserve (BTNR) is 
the oldest of four reserves in Singapore and its flora and fauna have been surveyed 
extensively (e.g. Corlett, 1990; Teo & Rajathurai, 1997). Despite being a small 
isolated forest fragment, it remains one of the most important strongholds for 
Singapore’s biodiversity (Corlett, 1988; Wee & Ng, 1994). Over 90% of native 
anuran species recorded in Singapore are present in the BTNR; eight are locally 
threatened and it is the only Singapore locality for P. signata (Teo & Rajathurai, 
1997; Lim & Leong, 2008).  
 
Although amphibians have been reported to be declining in many parts of the world, 
this has not been locally documented and it is important to determine if this is indeed 
occurring in Singapore as well. Therefore, the objectives of this study were to 
determine current diversity of native anurans and possible changes in species 
composition and distribution in BTNR by comparing recent historical records in the 
1990s with current surveys. Based on records in the 1990s, possible extirpations and 
population trends over the past fifteen years can be determined. Given the mounting 
evidence of widespread decline of amphibians worldwide, I hypothesise that drastic 
changes in species composition and decline in population trends have taken place. 
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3.2 Methods  
Study site. – Located at the southernmost point of Peninsular Malaysia, Singapore 
(1°22’N, 103°48’E) is a small Southeast Asian country of about 700 km2. Widespread 
deforestation for crop cultivation in the 19th century followed by rapid urbanisation in 
the 20th century have resulted in <1% of its original vegetation remaining (Corlett, 
1992). 
 
Comprising an area of 163 ha, BTNR has approximately 40 ha of primary hill 
dipterocarp forest while the rest consists of secondary forest at different stages of 
succession (Corlett, 1997). Managed by the National Parks Board of Singapore, it is 
generally free from major anthropogenic disturbances. Currently, it is bordered by 
several residential developments and isolated from a larger forest fragement (Central 
Catchment Nature Reserve) by an expressway since 1983, there are ongoing works to 
reconnect it back by a wildlife connector (Eco-Link) by 2013 (NParks, 2011).  
 
Recent historical records and distribution of anurans. – Based on a study conducted 
between 1993 to 1997 (Teo & Rajathurai, 1997), museum collection records from the 
1990s in the Raffles Museum of Biodiversity Research (RMBR) and personal 
communication with local experts (Leong T. M. and Lim, K. K. P.), 21 species of 
native anurans (Duttaphrynus melanostictus, Fejervarya cancrivorus, Fejervarya 
limnocharis, Hylarana erythraea, Hylarana labialis, Hylarana laterimaculata, 
Ingerophrynus quadriporcatus, Kalophrynus limbooliati, Leptobrachium nigrops, 
Limnonectes blythii, Limnonectes malesianus, Limnonectes plicatellus, Megophrys 
nasuta, Microhyla butleri, Microhyla heymonsi, Microhyla mantheyi, Nyctixalus 
pictus, Occidozyga sumatrana, Pelophryne signata, Polypedates leucomystax & 
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Theloderma horridum) have been recorded from BTNR. As recent historical 
distribution data were available for only five locally threatened species (L. plicatellus, 
M. nasuta, N. pictus, P. signata and T. horridum) (Teo & Rajathurai, 1997), 
distribution comparisons with the current study were restricted to these species. 
 
Preliminary phase. – Night surveys were conducted from May 2009 to November 
2009 to familiarise myself with the amphibian diversity in BTNR and the different 
parts of BTNR. Data from this phase are not subsequently analysed. 
 
Actual survey phase. – Nocturnal field surveys were conducted at eight areas within 
BTNR (Asas Valley, Dairy Farm Loop, Fern Valley, Jungle Fall Valley, Lasia Valley, 
Murphy’s Pond, Seraya Valley and Taban Valley), covering all the drainages and 
trails within it. Emphasis was placed to survey water bodies (e.g. streams, ponds and 
phytotelms) where amphibians tend to congregate and to resurvey all recent historical 
known localities of the five locally threatened species (Fig. 3.1). This phase was 
conducted from December 2009 to May 2012. Each area was surveyed once every six 
months for a total of five separate occasions. To maximise number of species 
observed per survey, a combination of auditory and visual encounter surveys were 
conducted between 1900 and 2300 hours (Heyer et al., 1994) and each survey was 
conducted for 90 minutes by two field workers using headlamps. Species 
identification follows those of Baker & Lim, 2012. In the study, only incidence 
(presence/absence) data of each species was recorded at each locality per survey and 
used in the analysis. In addition, Garmin GPSmap 60CSx was used for recording the 




Fig. 3.1. Map of Bukit Timah Nature Reserve in Singapore and the various survey localities. 
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Data analysis. – Using incidence data, the Incidence-based Coverage Estimator (ICE) 
and Chao2 estimator were used to estimate the maximum number of native anuran 
species present with species accumulation curve computed with 1000 randomisations 
without replacements (Colwell & Coddington, 1994) using the software package 
EstimateS Version 8.  
 
Using ArcGIS, area of occupancy (AOO) was calculated by adding up all the number 
of grid cells that a species is present (Gaston & Fuller, 2009). Although a grid cell of 
4 km2 was recommended under IUCN guidelines (IUCN, 2003), it is not appropriate 
for the study given the small size of the BTNR and a smaller grid cell size of 0.25 ha 
was chosen instead. As not all grid cells were accessible, not all grid cells were 
surveyed. However, all trails and water bodies that were previously surveyed were 
covered in this study, allowing for comparison to be made. 
 
Trends in population can be estimated by tracking changes in AOO (IUCN, 2008). 
AOO is used instead of extent of occurrence as anurans tend to cluster around water 
bodies. To determine a species change in AOO, the formula: (current AOO – recent 
historical AOO) / (recent historical AOO) was applied. Values of < – 0.50 indicate a 
reduced distribution and declining population trend while values of > + 0.50 indicate 
increased distribution and increasing population trend. Values between – 0.50 and + 




As the species accumulation curve reached asymptote (Fig. 3.2), this suggests that the 
survey effort is sufficient and all species have been detected.  
 
Fig. 3.2. Cumulative number of native anuran species observed in BTNR, based on 1000 
randomised input orders of surveys. 
 
With the exception of T. horridum, all other 20 native anuran species that were 
historically recorded were detected in this study. Both species richness estimators 
(ICE and Chao2) approximate the total number of species present to be 20 (Table 
3.1). In addition, two introduced species — the Banded Bullfrog (K. pulchra) and 
American Bullfrog (L. catesbeianus) were also detected. As the conventional 
definition of extinction requires absence of sighting of a species for at least 50 years 
(IUCN, 2008), undetected species were not declared extinct since the study was 
conducted 15 years after the previous census. Hence, T. horridum is classified as 
possibly extirpated from BTNR.  
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Table 3.1. Observed and estimated number of native anuran species in BTNR, based on two 
species richness estimators (ICE, Chao2) with means and standard deviations (sd) based on 
1000 random input permutations.  
Observed number of species ICE mean ICE sd Chao2 mean Chao2 sd 
20 20.27 0 20 0.12 
 
The change in AOO of the five locally threatened species varies considerably (Table 
3.2). Change in AOO of L. plicatellus & N. pictus suggests stable population trends. 
Change in AOO of P. signata suggests increasing population trend while change in 
AOO of M. nasuta & T. horridum suggests declining population trends.  
 
Table 3.2. Changes in recent historical and current Area of Occurrence (AOO) of the various 





(ha) Change Trend 
L. plicatellus 2.00 2.75 +0.38 Stable 
M. nasuta 6.00 1.50 –0.75 Decreasing 
N. pictus 5.00 7.00 +0.40 Stable 
P. signata 0.50 2.50 +4.00 Increasing 





Although enigmatic amphibian losses have been reported mostly in tropical highlands 
(Pounds et al., 2006) and temperate regions (McMenamin et al., 2008), these 
observations are seldom reported in the tropical lowlands. A notable exception is a 
study from Costa Rica which reported a drastic decline in amphibian abundances over 
an interval of 35 years for most species (Whitfield et al., 2007). Despite such declines 
documented in other parts of the world, most of the anuran species in the BTNR 
appear to be doing well. This is consistent with a study in Brazil that reported no 
change in lowland amphibian abundance and biomass over an interval of 22 years 
(Deichmann et al., 2008). Another study in a seasonal lowland tropical forest in Peru 
also concluded similar results of no observable decline in a comparison spanning six 
years (Duellman, 1995). These contrasting results suggest that a difference in 
temporal variation of amphibian assemblages and emphasises the importance of long 
term monitoring to document such changes. 
 
It is possible that current amphibian assemblage in Singapore is more resilient to 
environmental changes than the historical assemblage. Because they are generally 
nocturnal, amphibians are generally less well-documented than other taxa and 
potentially may not have been detected in previous surveys. In addition, secretive 
species which may have been extirpated in the past 200 years without being recorded 
are very likely. Similar studies will need to be conducted in other lowland parts of 
Southeast Asia to exclude this possibility. 
 
Of the three species with stable or increasing population trends in BTNR, two species 
— N. pictus and P. signata breed in phytotelms. As naturally occurring phytotelms 
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(e.g. water collected in a fallen decaying log) are generally uncommon and tend to be 
short-lived, breeding sites are limited in the forest (Puan, 2012). Breeding sites of N. 
pictus have to be of a minimum size in order for the accumulation of decaying plant 
materials for its larvae to obtain sufficient nutrients (Puan, 2012; pers. obs.). In 
contrast, P. signata which has an endotrophic larval stage that derives all its 
nutritional requirements from its yolk can breed and survive in smaller phytotelms 
(Leong & Teo, 2009; pers. obs.). Both species have been observed to reproduce in 
various artificial water bodies (e.g. discarded containers) (Puan, 2013; pers. obs.), 
suggesting that they are not particularly selective whether it is natural or artificial 
provided that it is of a suitable size. As such, augmenting their habitat through placing 
of artificial phytotelms may increase breeding success and their populations. Another 
species with stable population trend — L. plicatellus breeds in streams and its larvae 
are found in shallow waters at side pools. They are also known to feed on detritus and 
possibly decaying plant matter from the bottom of the water body (Leong & Chou, 
1999). Usually seen along slower flowing forest streams, its habitat requirement is 
probably less stenotopic compared to the declining M. nasuta (pers. obs.). As they are 
closely dependent on shallow forest streams, its distribution is restricted to the 
availability of suitable streams within the reserve.  
 
The reduction in AOO of M. nasuta suggests a declining population trend in the 
BTNR. However, the cause of decline remains enigmatic. Given that this species 
disappeared from a number of localities within the reserve, the cause of its decline is 
probably not localised and more likely attributed to a wider scale change in the 
ecosystem. A possible cause may be hydrological changes. As larvae of this stream 
breeding species stay close to the water surface skimping off surface food particles 
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and has a relatively long larval period of about three months (Wildenhues et al., 
2012), hydrological changes resulting in desiccation or flooding can be detrimental to 
their survival. Another possibility may be a general drying of forests (Avadhani et al., 
1990). Reduction in moisture levels can increase desiccation risk, especially for 
juveniles. Random distributions of amphibians will become clumped, forcing 
individuals to congregate within remaining suitable microhabitats when moisture is 
scarce. This increases possibility of competition and disease transmission between 
individuals, potentially reducing survival (Pounds et al., 2006). Such changes are 
more likely to intensify with higher temperatures and greater rainfall variability in the 
future (Neelin et al., 2006; Lintner et al., 2012). 
 
Despite extensive surveys, non-detection of T. horridum suggests it may be extirpated 
from the reserve. First discovered locally in 1996, it is only known from a small 
localised area within the reserve but has been recorded on several occasions (Leong et 
al., 1996; Teo & Rajathurai, 1997). Until a recent sighting in Central Catchment 
Nature Reserve (Figueroa & Selveindran, 2011), it was thought to be confined only to 
BTNR locally. Although it is known to deposit eggs in phytotelms (Boulenger, 1903), 
breeding has not been documented locally (Leong & Chou, 1999). With its cryptic 
colouration which resembles tree bark, this nocturnal species is difficult to detect and 
is presumed to stay in the canopy diurnally (Teo & Rajathurai, 1997). Given its low 
detectability, it is difficult to confirm its possible extirpation from BTNR. However, it 
is probably becoming rarer with absence of sightings during this study. One reason for 
its possible extirpation could be a small population size in a restricted locality. A 
population with only a few individuals increase extinction risk as it is vulnerable to 
stochastic threats such as demographic stochasticity, natural catastrophes and 
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inbreeding (Shaffer, 1981). Another possibility could be change in microhabitats 
associated with increased tree falls in recent years (pers. obs.). Increased gaps reduce 
canopy cover and will alter various environmental parameters such as humidity and 
temperature, potentially affecting their survival. Greater number of tree falls may 
result in fewer larger trees and potentially fewer breeding sites. These changes are 
likely to impact population dynamics and may lead to extirpation. However, 
possibility of faunal relaxation from earlier anthropogenic disturbances cannot be 
excluded. 
 
The presence of two exotic species in the BTNR is a cause of concern as they may 
have detrimental impacts on native species. After its introduction over a century ago, 
K. pulchra has rapidly spread and is widely established in many parts of Singapore 
(Ng & Yeo, 2012). Despite long establishment and its wide distribution in Singapore, 
it has been suggested that this species does have major impact on native amphibians 
(Ng & Yeo, 2012). More recently introduced to Singapore in the 1980s, L. 
catesbeianus has been widely released by people for “mercy” release into various 
water bodies locally (Yeo & Chia, 2010; Ng & Yeo, 2012). However, this species is 
much more likely to have negative impact on native amphibians. Listed among one of 
the top 100 most invasive species (Lowe et al., 2000), the American Bullfrog has been 
implicated to amphibian declines (Kiesecker et al., 2001b). As it can grow to a snout 
vent length of 200 mm, it is larger than most native species and hence will feed on 
them (Ng & Yeo, 2012). In addition, it is a carrier of the deadly chytrid fungus 
(Batrachochytrium dendrobatidis) (Garner et al., 2006). Recently detected in 
Singapore, this pathogen is mostly likely introduced and spread by L. catesbeianus 
and has fortunately not been detected within the nature reserves so far (Gilbert et al., 
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2013). Despite its invasive potential, L. catesbeianus does not appear to thrive well in 
the equatorial climate in Singapore, which may explain why it has not been able to 
establish a viable population locally (Ng & Lim, 2010). Fortunately, both exotics are 
only present in very small numbers with restricted distributions within the BTNR. As 
these species can potentially pose a threat to native fauna, it will be important to 
monitor their population trend and remove them from the reserves if a need arises. 
 
Although it is difficult to directly attribute the current observed changes in species 
composition and population trends to climate change, it is likely that the impacts of 
climate change will be increasingly evident in the future. It is currently projected that 
both Southeast Asia and Singapore will experience a temperature increase of 
approximately 2–4 °C by the end of this century (IPCC, 2007; NEA, 2011). While it 
is not likely that their critical thermal maxima of amphibians to be exceeded as 
various studies have suggested that the lethal thermal limit for majority of the lowland 
tropical species appear to be around 38–42 °C (Brattstrom, 1968), an increase in 
thermal stress is expected and may result in sublethal impacts (Bickford et al., 2010; 
Blaustein et al., 2010). To reduce heat stress, behavioural changes such as a shift 
towards cooler microhabitats by going subterranean or under leaf litter may also 
occur. However, these adaptive compensatory measures are not entirely without cost 
and may negatively affect their fitness in the long run (Bickford et al., 2010).  
 
Indirect impacts are more likely to have detrimental effects. As forest dependent 
amphibian species are closely dependent on the forest, they are unable to survive 
without it. If forest trees are unable to tolerate the rising temperatures, the entire 
community that is dependent on the trees will also disappear along with them. This is 
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a cause of concern as current evidence suggests that tropical forests are very close to 
their physiological thermal limit and unlikely to be able to tolerate the projected 
temperature rise by the end of this century (Williams et al., 2003; Corlett, 2011).  
 
While more adaptable forest species such as H. labialis and L. blythii may be able to 
survive in degraded forest, stenotopic species such as M. nasuta and L. plicatellus are 
probably unable to adapt to such drastic changes and are likely to be extirpated. In 
addition, physiological stress of high temperature can potentially make them more 
vulnerable to the indirect synergistic interactions with other stressors such as disease 
(Pounds et al., 2006) and invasive species (Brook, 2008), which detrimentally impact 
populations. Therefore, the indirect impacts of warming are more likely to be more 
detrimental than the direct impacts. 
 
Most projections suggest that Southeast Asia will receive slight increases in 
precipitation with greater variability in the future (IPCC, 2007). Although there are no 
clear projected changes in local precipitation patterns, more intense rainfall over short 
periods have been recorded over the past few years (NEA, 2011). While more rainfall 
can be beneficial to amphibian survival, greater variability in rainfall is likely to be 
detrimental. For example, water bodies are more likely to dry up as a result of higher 
evaporative rates and increased likelihood of extended periods of drought. This can 
result in high larval mortality as tadpoles are unable to metamorphose in time. These 
long dry spells can result in adult amphibians congregating around the remaining 
available water bodies. As a result of high amphibian densities, spreading of 
pathogens between individuals will be more likely, potentially resulting in disease 
outbreaks (Burrowes et al., 2004).  
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Changes in precipitation patterns can also negatively impact amphibians through 
sudden heavy rainfall events. The rapid and huge input of water can drastically 
increase water level and potentially drown embryos of some species that are deposited 
out of water at the stream banks (Touchon & Warkentin, 2009). Intense rainfall can 
also increase the likelihood of erosion and landslides which can impair the survival of 
embryo and larvae (Stuart et al., 2008). In addition, drastic changes in stream flow can 
also wash larvae downstream to environments that are unsuitable for them (Donnelly 
& Crump, 1998; Stuart et al., 2008; Touchon & Warkentin, 2009). All these changes 
will impact their recruitment, population dynamics and long term survival. 
 
This study highlights the importance of conducting long-term assessments and the 
gathering of such information on amphibian populations through time which is 
seldom available from the tropics. By conducting long-term research and monitoring, 
subtle changes in ecological communities as a result of anthropogenic disturbance can 
be elucidated and can be promptly rectified by conservation managers (Magurran et 
al., 2010). Future surveys can be improved by including species’ abundance data, eco-
physiological data and surveys of amphibian pathogens which will be important in 
their conservation. As there are few such amphibian studies from lowland tropical 
forests, more studies are urgently needed to determine whether the large-scale 
amphibian declines are also occurring in this biodiversity hotspot.  
 
Limitations 
As this study focuses on a small forest fragment, the results may not be widely 
applicable across all lowland tropics. More similar studies are required to determine 
whether such observations are consistent across lowland tropics. The exact cause of 
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decline of the two declining species cannot be elucidated from this study. As the study 
only quantifies the area of occupancy and not number of individuals observed, it may 
be possible that numbers have declined over the years while occupying the same area 
of occupancy at reduced density. Lastly, potential observer bias can influence 




Unlike widespread and drastic documented amphibian declines in other parts of the 
world, most species in BTNR do not seem to be declining, suggesting that tropical 
lowland species may be more resilient to disturbance than their tropical highland or 
temperate counterparts. The importance of such long-term assessments and additional 
monitoring of amphibian communities is emphasised. However, it is likely that the 





Chapter Four. Are tropical amphibians more vulnerable to climatic warming 
compared to subtropical or temperate species? 
4.1 Introduction 
As climatic warming is almost inevitable given the huge anthropogenic emissions of 
greenhouse gases (IPCC, 2007), determining thermal tolerance of ectotherms is 
increasingly important. In addition, current fundamental understanding on the 
different mechanisms of thermal physiology is incomplete and there are increasing 
concerns that many species are unable to cope with current projections of temperature 
increase (Chown & Gaston, 2008; Williams et al., 2008; Terblanche et al., 2011). In 
response to temperature changes, organisms can respond by 1) dispersing to a cooler 
and more hospitable environment, 2) tolerating the new environmental conditions 
through compensatory mechanisms (e.g. behavioral and physiological) or 3) evolving 
across generations through genetic changes (Hofmann & Todgham, 2010). Given that 
amphibians generally are poor dispersers and have a relatively long generation time, 
tolerating the temperature increase seems to be the only viable option (Bickford et al., 
2010; Blaustein et al., 2010). Hence, comprehending the basics of their thermal 
physiology and tolerance are necessary to understand how climatic warming will 
impact different species (Williams et al., 2008; Wiens et al., 2009).  
 
To understand thermal tolerance one will need to start off with measurements and 
there has been recent interest in this aspect as there are different ways to quantify and 
various settings that can influence the results (reviewed in Chown & Nicolson, 2004; 
Terblanche et al., 2011). Thermal tolerance is defined as the entire temperature range 
where an organism can survive and provides an understanding of its plasticity to cope 
with changing temperatures. It is mainly determined by two methods: 1) sudden 
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shifting of organisms to thermally stressful temperatures or 2) slow and gradual 
ramping to increasingly stressful temperatures. While the latter is widely believed to 
be ecologically relevant since sudden temperature changes rarely happen in the 
natural environment, it is often confounded by other unforeseen problems such as 
dehydration and/or starvation that can take place during ramping and hence 
underestimating the actual thermal limit (reviewed in Terblanche et al., 2011). In 
addition, there are many methods to determine the endpoint of acute thermal tolerance 
such as survival (Krebs & Loeschcke, 1999; Hammond & Hofmann, 2010), loss of 
activity or movement (Hazell et al., 2008; Yang et al., 2008), recovery (Gibert & 
Huey, 2001), recovery temperature (Klok & Chown, 2001), knockdown temperature 
(Huey et al., 1992; Mitchell & Hoffmann, 2010 ), knockdown time (McColl et al., 
1996; Mitchell & Hoffmann, 2010), change in metabolic rate (Sinclair et al., 2004; 
Stevens et al., 2010) and critical temperature (Lee & Denlinger, 1991).  
 
It has been hypothesised that tropical ectotherms are more vulnerable to warming 
compared to their temperate counterparts (Deutsch et al., 2008; Tewksbury et al., 
2008; Dillon et al., 2010). However, it assumes two general postulations: (1) Tropical 
species experience higher environmental temperatures than their temperate 
counterparts (Clarke & Gaston, 2006; Deutsch et al., 2008) and, (2) there is little 
correlation between critical thermal maxima with latitude or environmental 
temperatures (Addo-Bediako et al., 2000; Huey et al., 2009; Sunday et al., 2011). 
Hence, the current temperatures that tropical species are encountering in the 
environment are closer to their upper thermal limits and therefore exposed to higher 
risk of warming than temperate species. To investigate this hypothesis, one can 
estimate the direct warming impact of species within each climatic zone by 
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determining the warming tolerance (WT) which is calculated by subtracting the 
maximum environmental temperature (Tmax) that a species is experiencing from the 
species’ upper critical thermal limit (CTmax) (Lutterschmidt & Hutchison, 1997b; 
Somero, 2005; Deutsch et al., 2008). A species is unlikely to tolerate if the WT is 
small and will be adversely impacted by the temperature increase. In contrast, a large 
WT suggest that the species is likely to withstand substantial temperature increase 
before detrimental effects start to impact its survival. 
 
While tropical species may be more constrained by physiological limits to adapt to an 
even warmer climate (Duarte et al., 2012) and have limited thermal acclimatisation 
abilities to tolerate higher temperatures (Brattstrom, 1968), their higher upper CTmax 
(Brattstrom, 1968; 1970) and smaller annual environmental temperature variations 
may lower the likelihood of exceeding their thermal limit. In contrast, smaller 
detrimental impacts are projected for subtropical and temperate species owing to their 
greater WT, rapid re-adjustment of their upper thermal tolerances after exposure to 
critical thermal maxima (Maness & Hutchison, 1980) and greater acclimatisation 
abilities (Brattstrom, 1968). However, larger annual temperature variation in the 
temperate region is likely to reach their CTmax during summer (Duarte et al., 2012). 
Coupled with greater projected temperature increase in the temperate region (IPCC, 
2007), certain late-breeding species with low CTmax are likely to be vulnerable as well 
(Duarte et al., 2012).  
 
Given the broad spatial and temporal differences in environmental temperatures that 
species experience as well as the inter-species variations in thermal tolerance, it will 
only be appropriate to evaluate them separately based on their environmental thermal 
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profiles. Moreover, it would be inaccurate to oversimplify that all tropical species are 
more detrimentally affected by temperature rise than their subtropical or temperate 
counterparts (Duarte et al., 2012). Despite the importance of determining species at 
their uppermost thermal limits and at the greatest threat to climatic warming (Somero, 
2005; Helmuth et al., 2010), such environmental information is very limited for 
amphibians (Duarte et al., 2012). 
 
In this study, the CTmax, Tmax and WT of 13 species of amphibian larvae from two 
tropical communities: tropical warm (open country) and tropical cool (forest) were 
investigated. As species from tropical warm community are exposed to higher 
environmental temperatures than species from tropical cool community, it is 
hypothsised that the former are adapted and can tolerate higher temperatures. Hence, 
the first hypothesis is that the CTmax of species from tropical warm community are 
higher than those from tropical cool community. As species in tropical cool 
community are adapted to a fairly constant environmental temperature, they are 
predicted to be less able to tolerate an increase in temperature compared to species in 
tropical warm community. Hence, the second hypothesis is that the WT of species 
from tropical cool community is smaller than those from the tropical warm 
community.  
 
As this study followed methods used the study by Duarte et al. (2012) where the 
CTmax, Tmax and WT of 47 subtropical and temperate amphibian species were 
investigated, comparisons can be made between two. Hence, three more hypotheses 
were investigated. The third hypothesis is that the species from the tropical 
community have higher CTmax and smaller WT than those from the sub-tropical or 
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temperate communities. The fourth hypothesis is that species from tropical warm 
community have higher CTmax and smaller WT than their counterparts from the 
subtropical warm community. The last hypothesis is that species from tropical cool 
community have higher CTmax and smaller WT than their counterparts from the 





A total of 13 amphibian species from Singapore (see Table 4.1) were experimentally 
tested — seven from open country habitats (tropical warm community) and six from 
forest habitats (tropical cool community). This was done in order to be consistent with 
the terminologies used by Duarte et al. (2012) which grouped “subtropical warm 
community” for species in subtropical open country habitats and “subtropical cool 
community” for species in subtropical forest habitats. For the context of this study, 
tropical cool community does not refer to montane habitats. 
 
 
Table 4.1. List of amphibian species in this study. 
 
Family Species Community 
Bufonidae Duttaphrynus melanostictus Tropical Warm 
Dicroglossidae Fejervarya cancrivorus Tropical Warm 
Dicroglossidae Fejervarya limnocharis Tropical Warm 
Dicroglossidae Limnonectes blythii Tropical Cool 
Dicroglossidae Limnonectes malesiana Tropical Cool 
Ranidae Hydrophylax labialis Tropical Cool 
Rhacophoridae Nyctixalus pictus Tropical Cool 
Rhacophoridae Polypedates leucomystax Tropical Warm 
Microhylidae Kalophrynus limbooliati Tropical Cool 
Microhylidae Kaloula pulchra Tropical Warm 
Microhylidae Microhyla butleri Tropical Warm 
Microhylidae Microhyla heymonsi Tropical Warm 




Table 4.2. General information of the two tropical amphibian communities. 
 
Range of water temperatures (°C) Community 
Type Minimum  Maximum Mean 
Tropical Warm 25.6 34.7 28.9 




Larval amphibian surveys and collection 
Two thermally distinct tropical amphibian communities were investigated in this 
study: (1) Open country species where the environments are usually ephemeral water 
bodies with little or no shade that are filled after heavy rainfall, (2) Forest species 
where the environments are either permanent streams or temporary water pools under 
high canopy cover (See Table 4.1 & 4.2). Surveys were conducted throughout the 
island to obtain the various species required for this study. To minimise injury and 
stress, the larvae were carefully collected using hand nets and placed in plastic zip 
lock bags half-filled with water taken from the environment they were taken from. 
They were immediately transported back to the laboratory for acclimatisation. 
Collected larvae were identified down to species level based on morphological 
characteristics (Leong & Chou, 1999). 
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Fig. 4.1. Different habitats where tadpoles were collected: (a) Semi-permanent ponds in  
open country habitat, (b) Ephemeral water bodies in open country habitat, (c) Forest streams 
and (d) Forest phytotelms. 
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Why amphibian larval stage? 
The aquatic larval stage of amphibians was specifically chosen as dehydration does 
not affect their CTmax estimates (Rezende et al., 2011). Compared to adults, their 
smaller body size as well as water’s high latent heat capacity and diffusivity render 
them constant with the environmental temperature (Spotila et al., 1992; Lutterschmidt 
& Hutchison, 1997a). In addition, larvae are confined to water bodies as they are 
dependent on the water medium for survival and hence are more likely to be impacted 
by rising temperature than the more mobile adults which can seek cooler shelter 
elsewhere. Unlike the less mobile embryos, the onset of spasms is easily observable in 
larvae. Furthermore, the comparatively longer larval duration allows for the necessary 
acclimatisation period to stabilise CTmax (Hutchison, 1961; Brattstrom, 1968) which 
cannot be fulfilled given the fast and rapid development of embryos.  
 
Acclimatisation phase 
Each individual was kept separately in reconstituted water in a 0.5 L plastic container 
and fed ad libitum with powdered algae wafers (Hikari brand). To simulate the natural 
environmental conditions, a 12L:12D photoperiod was used. To be able to make 
proper comparison with the study by Duarte et al. (2012), all larvae were kept and 
acclimatised in a constant temperature of 20 °C in an environmental testing chamber 
(Sanyo growth chamber MLR-351H) that regulates different parameters such as 
humidity, photoperiod and temperature. An acclimatisation period of at least four 
days was chosen as previous studies have demonstrated that this time period will be 
sufficient for the amphibian larvae to stabilise its CTmax after a considerable 
temperature change from field to laboratory settings (Hutchison, 1961; Brattstrom, 
1968). 
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Upper temperature limit  
In ectotherms, CTmax has been widely used (Cowles & Bogert, 1944; Lutterschmidt & 
Hutchison, 1997b) and is suitable for comparative studies to study the possible 
evolution of upper thermal tolerances and its latitudinal variation to determine 
communities and species that are most in danger to climatic warming (Deutsch et al., 
2008; Somero, 2010). As the determining of CTmax can vary as a result of differences 
in end-point selection (Lutterschmidt & Hutchison, 1997a, 1997b), rate of warming 
(Terblanche et al., 2007), developmental stage (Zweifel, 1977; Cupp, 1980; Sherman, 
1980) and photoperiod (Floyd, 1983; Mahoney & Hutchison, 1969; Sanabria & 
Quiroga, 2011), it is important to standardise the estimate of the upper thermal 
tolerance across all species with the study by Duarte et al., (2012) so that proper 
comparisons can be made. Only larvae between Gosner stage 25 (Mouthparts 
obvious, Spiracle forms on left) to Gosner stage 38 (Development of the metatarsal 
tubercle) were used as individuals above Gosner stage 38 tend to have reduced 
thermal tolerance (Zweifel, 1977; Cupp, 1980; Sherman, 1980).  
 
 
Fig. 4.2. Warming experimental setup where the amphibian larvae are placed. 
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After acclimatisation, each individual was placed within a metal sieve in a 5 L plastic 
container containing 3 L of reconstituted water used in the acclimatisation period 
(Figure 4.2). A digital heater was used to heat up the water and two water pumps were 
used to ensure uniform heat distribution. To standardise with Duarte et al.’s (2012) 
study, pre-experimental temperature was set at 20°C. In addition, water was heated 
and temperature rose steadily at the rate of 1 °C per min once the experiment 
commenced. Known as the Hutchison’s dynamic method (Hutchison, 1961), this 
method produces quick, non-lethal and reliable results while using relatively few 
experimental subjects (Lutterschmidt & Hutchison, 1997b; Beitinger et al., 2000) and 
is more useful when comparing with environmental temperatures (Bennett & Judd, 
1992; Mora & Ospina, 2001).  
 
Upon the onset of involuntary muscular spasms of the individual, the corresponding 
temperature was recorded. This start of uncontrolled muscle movement was selected 
as the definitive end point over the loss of righting response as it is a more accurate 
measure of thermal tolerance (Lutterschmidt & Hutchison, 1997a). After determining 
its CTmax, the individual was immediately removed and transferred to a container with 
water temperature at 20 °C to recover from the heat shock. Each tadpole was only 
used once in the warming experiment. For each species, a total of ten individuals were 
used from a population. It was assumed that the CTmax is species specific while intra-
specific difference in thermal tolerance between populations is expected to be 
negligible. This is because Singapore Island is an island of small geographic size with 
little climatic variation between different parts of the island and is further supported 
by a previous study that suggested no significant difference in CTmax between 
different amphibian larval populations (Liu, 2013). Given the wide diversity of 
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environments and species surveyed from each different community, the difference in 
thermal tolerance between species is likely to be much greater than between-
population variation and hence potential intra-species variation in thermal tolerance is 
not likely to affect the results (Ives et al., 2007). 
 
Maximum environmental temperatures (Tmax) 
In every water body where amphibian larvae were collected, temperature was 
continuously recorded at 15 minute intervals with a HOBO data logger for a 
minimum of one week. Since the data logger was positioned at the greatest depth of 
the water body, it is most representative of the coolest microhabitat where amphibian 
larvae can seek refuge. Hence the estimated WT is conservative. To ensure that the 
recorded water temperatures are representative to the peak breeding season of most 
amphibians locally, they were recorded after periods of extended heavy rainfall 




A phylogenetic tree was generated from a total of 60 amphibian species (13 species 
from this study and 47 species from Duarte et al. (2012). Using nucleotide sequences 
downloaded from GenBank, three protein-coding nuclear genes — Recombination 
activating gene 1 (RAG1), Rhodopsin and Tyrosinase (TYR) and four mitochondrial 
genes — 12s, 16s, Cytochrome b and Cytochrome oxidase 1 (CO1) (Appendix A). 
For species without any available sequence, a closely related species was chosen to 
determine branch length (Duarte et al., 2012). All phylogenetic analyses using the 
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generated tree were conducted twice: 1) with equal branch lengths (Appendix B) and 
2) with unequal branch lengths (Appendix C). 
 
For each gene, sequences for all species were first incorporated into a merged matrix 
using Mesquite (Maddison & Maddison, 2011). Next, the nucleotide sequence of the 
merged matrix for each gene was aligned using MAFFT (Katoh & Toh, 2010). 
Subsequently, for all seven genes, the aligned nucleotide sequence matrixes were 
concatenated using SequenceMatrix (Meier et al., 2006). Lastly, a maximum-
likelihood test was conducted to calculate branch lengths and generate the best tree 
using Garli (Zwickl, 2006).   
 
Phylogenetic comparative analyses 
As data obtained from different species do not fulfill the fundamental assumption of 
independence (Felsenstein, 1985; Harvey & Pagel, 1991; Martins & Hansen, 1997), 
information from the derived phylogenetic tree were integrated into the statistical 
analyses as well. Using the package CAPER (Orme et al., 2012), phylogenetic 
generalised least squares (PGLS) with the Brownian motion model for evolutionary 
trait was conducted to assess the relationship between CTmax and Tmax (see Duarte et 
al., 2012). The model computes predicted changes in phenotypic traits between the 
various species contrasted (Gross, 2006) and includes a parameter (lambda) adjusted 
for the conjectures that closely related species are more evolutionarily similar to one 
other (Freckleton et al., 2002). A λ value of 1 implies the changes in both traits across 
time after speciation from a common ancestral species corresponds to predictions 
under the model while a value of λ < 1 implies that the changes in the two traits are 
smaller than predictions from the model (Freckleton et al., 2002). As results of the 
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phylogenetic analyses (equal or unequal) are essentially similar, only the results of 
equal branch lengths were shown. Using the package Geiger (Harmon et al., 2009), 
phylogenetic ANOVA was conducted to determine the effect of climatic zone 
(Tropical vs Subtropical & Tropical vs Temperate) and community on the CTmax, Tmax 
and WT (see Duarte et al., 2012). Statistical analyses were all performed using R 




Fig. 4.3. Tropical community regression for upper critical thermal maxima (CTmax) and 
maximum environmental temperature (Tmax) (CTmax = 26.50 + 0.38 Tmax, R² = 0.73). Tropical 
warm species are represented in closed square diamond while tropical cool species are 
indicated in open square diamond. Lethal limit with zero warming tolerance is represented by 
a dotted line and warming tolerance from acute thermal stress can be determined by the 




Fig. 4.4a. Upper critical thermal maxima (CTmax) of various species from two tropical 
communities: warm (closed squares) and cool (open squares). For each species, the square’s 
centre indicates its mean CTmax while error bars indicate 95% confidence intervals (CI). The 





Fig. 4.4b. Warming tolerance of various species from two tropical communities: warm 
(closed squares) and cool (open squares). For each species, the square’s centre indicates its 
mean WT while error bars indicate 95% confidence intervals (CI). The mean CTmax and 95% 





Fig. 4.5a. Critical thermal maxima (CTmax) of the different communities: (a) Between 
communities, (b) Between sub-communities. The diamond’s centre indicates its mean while 
error bars indicate 95% confidence intervals (CI). In each section, estimates with different 
uppercase alphabet are significantly different while the sample size is indicated by the value 
in parentheses. Data of temperate and subtropical communities and sub-communities are 
taken from (Duarte et al., 2012). 
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Fig. 4.5b. Maximum environmental temperature (Tmax) of the different communities: (a) 
Between communities, (b) Between sub-communities. The diamond’s centre indicates its 
mean while error bars indicate 95% confidence intervals (CI). In each section, estimates with 
different uppercase alphabet are significantly different while the sample size is indicated by 
the value in parentheses. Data of temperate and subtropical communities and sub-




Fig. 4.5c. Warming tolerance (WT) of the different communities: (a) Between communities, 
(b) Between sub-communities. The diamond’s centre indicates its mean while error bars 
indicate 95% confidence intervals (CI). In each section, estimates with different uppercase 
alphabet are significantly different while the sample size is indicated by the value in 
parentheses. Data of temperate and subtropical communities and sub-communities are taken 
from (Duarte et al., 2012). 
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Mean CTmax of species from the tropical warm community was about 3 °C higher than 
the mean CTmax of species from the tropical cool community (Fig. 4.4a). The mean 
Tmax of species from the tropical warm community was about 7 °C higher than species 
from the tropical cool community (Fig. 4.5b). Mean WT of species from the tropical 
warm community was about 4 °C higher than those from the tropical cool community 
(Fig. 4.4b). The CTmax of amphibian larvae are likely to evolve in relation to their 
Tmax because of their positive correlation after controlling for phylogenetic effects. 
However, the gradient of the PGLS regression slope is smaller than 1.0 (b ± SE: 0.38 
± 0.07, t = 5.84, p < 0.001 for all tropical species pooled, Fig. 4.3). Significant 
proportion of the variance in CTmax can be accounted for by the model (R2 = 0.73). 
Lambda value (k = 0) is not significantly different from 0 and the phylogeny do not 
have an effect on the covariance of the two traits.  
 
Compared with species from subtropical community, species from tropical 
community have lower CTmax (F1,38 = 24.10, P < 0.001). In contrast, the CTmax 
between tropical and temperate communities is not significantly different (F1,31 = 
0.84, P = 0.474) (Fig. 4.5a). The Tmax of tropical community is not significantly 
different from either subtropical (F1,38 = 1.97, P = 0.281) or temperate communities 
(F1,31 = 2.29, P = 0.265) (Fig. 4.5b & Fig. 4.5c). Similarly, the WT of tropical 
community is not significantly different from either subtropical (F1,38 = 0.01, P = 
0.952) or temperate communities (F1,31 = 2.07, P = 0.283) (Fig. 4.5b & Fig. 4.5c).  
 
Compared with species from subtropical warm community, species from tropical 
warm community have significantly lower CTmax (F1,21 = 36.32, P < 0.001), lower 
Tmax (F1,21 = 49.05, P < 0.001) and higher WT (F1,21 = 9.63, P = 0.008) (Fig. 4.5a, Fig. 
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4.5b & Fig. 4.5c). Compared with species from subtropical cool community, species 
from tropical cool community have significantly lower CTmax (F1,15 = 19.32, P = 
0.002) and lower WT (F1,15 = 7.25, P = 0.036) (Fig. 4.5a & Fig. 4.5c). The Tmax 
between the tropical cool and subtropical cool communities is not significantly 
different (F1,15 = 0.34, P = 0.623) (Fig. 4.5b). Although species from tropical warm 
community have higher CTmax (F1,11 = 45.40, P < 0.001) and Tmax (F1,11 = 154.54, P < 
0.001) (Fig. 4.5a), they have smaller WT compared to species from tropical cool 
community (F1,11 = 32.12, P < 0.001) (Fig. 4.5c). 
 
The PGLS regression of CTmax on Tmax for both tropical communities indicates a 0.4 
°C increase in CTmax for every 1 °C increase in Tmax (Fig. 4.3) which is considerably 
higher than communities from subtropical (0.19) and temperate (0.07) (Duarte et al., 
2012). 
 
Some species (e.g. M. butleri and K. pulchra) from the tropical warm community 
have low WT of less than 5 °C (Fig. 4.4b). As a result of its higher Tmax and relative 
low CTmax, K. limbooliati from the tropical cool community also has relatively low 
WT of about 7 °C (Fig. 4.4b). 
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4.4 Discussion 
Evolution of CTmax 
The results indicate that the difference in CTmax among tropical amphibians is evident 
of correlated evolution to the environmental thermal regime that they experience in 
the wild. Similar results have been documented in various invertebrates (Stillman & 
Somero, 2000; Compton et al., 2007) and vertebrates (Sinervo et al., 2010; Duarte et 
al., 2012). However, other similar studies have contrasting results that suggest that 
CTmax are not influenced by latitude (Addo-Bediako et al., 2000; Huey et al., 2009; 
Sunday et al., 2011). Hence, the assumption that tropical species will always have 
higher thermal tolerance than their subtropical and temperate counterparts is not 
necessarily true. 
 
Exposed to higher Tmax, amphibian species from tropical warm community have 
higher CTmax and wider daily temperature variations than species from tropical cool 
community. The larvae of some species from tropical warm community (e.g. F. 
cancrivorus) are known to survive in hot springs and tolerate high temperatures of 
over 40 °C for prolonged periods (Dunson, 1977). In contrast, the lower CTmax of 
species from tropical cool community may be a result of the relative cooler and stable 
temperature range experience in the wild (usually within 2 °C). In addition, this lower 
CTmax may also be attributed to lower critical thermal minimum as recorded in species 
adapted to cooler regions (Brattstrom, 1968; Snyder & Weathers, 1975; Ghalambor et 
al., 2006) and this evolution of higher CTmax may be restricted by their physiology or 
genetics (Stillman & Somero, 2000; Hoffmann et al., 2002; Pörtner et al., 2006). 
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Evaluating extinction risk between tropical warm vs tropical cool amphibian 
communities  
Since increase in water temperature correlates to air temperature increase (Pilgrim et 
al., 1998; Mohseni et al., 1999; Morrill et al., 2005), it is likely that current climate 
change models will also result in rising water temperature albeit at a slower rate given 
water's high latent heat of vaporisation (Null et al., 2013). As water bodies in open 
country habitats are generally not shaded, their rate of water temperature increase will 
be greater than those in shaded forest habitats in view of future climatic warming. 
Such thermal buffer provided by the specific habitat type may be particularly 
important for species with low WT.  
 
There is a significant difference in warming risk between species from tropical warm 
and tropical cool communities given that their mean WT are 5 °C and 9 °C 
respectively (see Fig. 4.5c), suggesting that species from tropical warm community 
are more vulnerable to climatic warming. While the mean WT of species from 
tropical warm community is slightly above predicted temperature increase by the end 
of this century (IPCC, 2007), it is possible that their CTmax will be exceeded during 
periods of extreme weather perturbations (e.g. El Niño). This may have catastrophic 
impacts on their future survival as their ability to evolve to withstand higher 
temperatures in the future may be limited by their genetics or physiology (Stillman & 
Somero, 2000; Hoffmann et al., 2002; Pörtner et al., 2006). 
 
Given their large WT, species from tropical cool community are likely to be safe from 
thermal stress as a result of climate change. However, this is contrary to a study by 
Huey et al. (2009) which concluded that tropical forest lizards are sensitive to 
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warming and future temperature increase will have greater impact on them compared 
to open country lizards (Huey et al., 2009). A possible cause of this difference may be 
attributed to behavioural difference between taxa as most amphibians do not exhibit 
basking behaviour unlike lizards. 
 
Although species from tropical cool community appear to be less vulnerable to rising 
temperature than species from tropical warm community, other life stages (e.g. 
embryos and adults) may be at risk given the possible changes in moisture levels 
(Allen & Ingram, 2002) and potential synergistic interactions of rising temperature 
with other stressors (Pounds et al., 2006). In addition, since tropical forests are 
predicted to be adversely impacted by rising temperatures (Williams et al., 2003), the 
understorey environmental temperature in tropical cool community will rise rapidly if 
the forest trees do not survive, resulting in drastic loss of forest dependent species.  
 
Although most species from tropical cool community have generally large WT, 
K. limbooliati appears to be an exception as its WT is closer to species from tropical 
warm community. With similar CTmax as other species from tropical cool community, 
its low WT is attributed to higher Tmax experience by their larvae. Since the adults are 
known to oviposit eggs in small and shallow phytotelms (e.g. rainwater collected in a 
dead leaf) (pers. obs.), the Tmax it potentially experiences is relatively high (~ 30 °C). 
However, this Tmax can vary considerably and is highly dependent on the depth of the 




Evaluating extinction risk in tropical vs subtropical and temperate amphibian 
communities 
The results suggest that the extinction risk as a result of climatic warming for tropical 
amphibians are not different from subtropical or temperate species (see Fig. 4.5c). 
However, there is a significant difference in warming risk between the tropical warm 
and subtropical warm community given that their mean WT are 5 °C and 3 °C 
respectively (see Fig. 4.5c), suggesting that the latter is more likely to be impacted by 
climatic warming. In addition, there is also a significant difference in warming risk 
between tropical cool and subtropical cool community given that their mean WT are 9 
°C and 13 °C respectively (see Fig. 4.5c), suggesting that the former is more likely to 
be impacted by climatic warming.  
 
Given their narrow WT and smaller rate of evolution in CTmax in response to increase 
in Tmax, subtropical warm species are comparatively more vulnerable to climatic 
warming than tropical warm species. This is further exacerbated by the faster 
predicted rate of temperature rise in the subtropics than the tropics (IPCC, 2007). For 
these species, further adaptation to even warmer climate is likely to be extremely 
restricted by their current exceptional physiology to tolerate high temperature 
(Hochachka & Somero, 2002). Given that they are already approaching their thermal 
limits (Compton et al., 2007; Somero, 2010), further warming is likely to have 
deterimental impact on them. In contrast, larval amphibian species from tropical cool, 
subtropical cool and temperate communities have a comparatively higher WT (Fig. 





An important consideration is that the CTmax obtained in this study is likely to be 
overestimated as they are usually smaller under more realistic and gradual rate of 
temperature increase (Chown et al., 2009; Rezende et al., 2011). Assuming that this is 
true, their predicted WT will be smaller than estimated by this study and species will 
be more vulnerable to climatic warming than predicted.  
 
In addition, Tmax obtained in this study is also conservatively assessed as it is taken 
from the coolest part of the water body. Given that some species (e.g. M. heymonsi 
and M. mantheyi) are specialised surface feeders that consume fine particles off the 
water’s surface (Leong & Chou, 1999; pers. obs.), the Tmax that they experience are 
probably underestimated as water surface temperature is higher than at the bottom of 
the water body. Hence, the WT of these species are likely to be overestimated 
accordingly and they may be more vulnerable to warming than predicted. While this 
may be true, it is possible that these species switch their foraging period to avoid 
lethal exposure during midday. By feeding in cooler parts of the day, thermal stress 
can be reduced. However, this comes at the expense of obtaining less food, potentially 
slowing growth and delaying metamorphosis.  
 
Moreover, a temperature rise is particularly problematic for most aquatic ectotherms 
as it will result in a reduction in the existing low oxygen content in water and an 
elevation in their metabolic oxygen demand (Bickford et al., 2010; Blaustein et al., 
2010). In areas with low dissolved oxygen levels, amphibian larvae may be forced to 
congregate at the water surface where higher oxygen is available (Wassersug & 
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Seibert, 1975), exposing them to higher Tmax than was recorded from this study. 
Hence, the WT of these species are likely to have been overestimated.  
 
Lastly, other life-history stages (e.g. embryo, metamorphs and adults) were not tested 
in this study. As amphibians mature and develop, elevated temperatures may 
potentially have adverse impacts on certain sensitive stages only (Becker et al., 2007). 
Since the warming vulnerability can vary with life-stages, it will be important to 
investigate this aspect as well (Scheffers et al., 2013). 
 
Are tropical amphibian larvae able to tolerate the change in climate? 
For tropical amphibians, compensatory measures such as thermoregulation 
(Hutchison & Dupré, 1992), altered breeding phenology (Blaustein et al., 2001; Gibbs 
& Breisch, 2001; Bradshaw & Holzapfel, 2006) and adaptation (Skelly et al., 2007; 
Visser, 2008) may mitigate the detrimental impacts of warming. Although thermal 
acclimation has been reported in temperate species (Floyd, 1983), it is likely to be 
minimal or absent in tropical species (Heatwole et al., 1965; Brattstrom, 1968; 
Christian et al., 1988; Liu, 2013). In addition, thermal buffering of certain 
microhabitats may slow the ambient temperature increase, potentially offering some 
protection from climatic warming (Scheffers et al., 2013). Given their higher 
evolution of CTmax in response to temperature changes, it is possible that tropical 
species may have greater capability to evolve to withstand higher temperature than 
their subtropical or temperate counterparts. However, these responses are restricted by 
fundamental evolutionary limits in increasing upper thermal tolerance as seen from 
other tropical ectotherms (Blows & Hoffmann, 2005; Kellermann et al., 2009; 
Hoffmann & Sgrò, 2011) and not entirely without trade-offs (Pörtner et al., 2006). 
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4.5 Conclusions 
Given that climate change is inevitable and its effect will be increasingly prominent in 
the future, it is important to ascertain species and community that are at the highest 
risk in order to better conserve them (Sinervo et al., 2010; Somero, 2010). The results 
suggest that species from the tropical warm community have lower WT and are more 
susceptible to warming than their counterparts from the tropical cool community. 
They also suggest that subtropical warm species are more vulnerable to climatic 
warming than tropical warm species while tropical cool species are at higher risk from 
warming than subtropical cool species. Although the WT of species from tropical 
warm community is above current warming projections at the end of this century, it is 
important to emphasise that the study is based on acute warming stress which is likely 
to underestimate the effects of prolonged warming which has greater potential 
impacts on their fitness and survival. As seen from this study, incorporating the 
species’ thermal profile of its environment is necessary to accurately estimate the 
warming risk and prevents arriving at an ambiguous conclusion from overgeneralising 
climatic region as seen from the considerable difference in WT between the two 
tropical communities. More research will be necessary to determine whether changes 
in behaviour and physiology can potentially reduce the deleterious effects of 
warming. 
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Chapter Five. Impacts of elevated temperature and its potential interaction with 
low pH 
5.1 Introduction 
Although climate change has many direct impacts on amphibians, indirect impacts 
can also occur when it interacts with other abiotic and biotic stressors present in the 
environment. Although the combination of two stressors can be potentially more 
deadly to amphibians than just one (Sih et al., 2004), it is difficult to predict exactly 
how they will fare in this new future climatic scenario which may involve 
complicated direct and indirect interactions with numerous abiotic and biotic factors 
occuring simultaneously. Of the many potential stressors, this chapter focuses on the 
potential interaction of climatic warming with acid deposition.  
 
Anthropogenic emissions of pollutants such as sulphur dioxide and nitric oxide are the 
main cause of acid deposition (Galloway, 1995). Although such emissions are 
declining in developed countries as a result of stringent air pollution regulations, they 
are rising in many developing nations as a result of rapid industrialisation and lax 
regulations (Galloway, 1995). As pollution is not limited by geographical boundaries, 
a country with strict pollution controls can still be impacted by acid deposition as 
transboundary air pollution can be dispersed by wind (Boubel et al., 1994). 
  
Compared to uncontaminated rainwater with pH 5.6 (Mason, 1989), recent 
precipitation in Singapore is more acidic with mean annual pH values ranging 
between 4.1–4.5 and certain episodes as low as pH 3.5 (Balasubramanian et al., 2001; 
Hu et al., 2003). In Thailand, the current mean rainfall pH ranges from 5.5–6.1 
(Chantara & Chunsuk, 2008; Panyakapo & Onchang, 2008). While there is currently 
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no evidence of acid precipitation in Thailand, it may occur in the future with rapid 
industrialisation in the region. Based on the soil type, land cover and soil moisture, 
these areas are sensitive to acid precipitation (Kuylenstierna et al., 1995; 2001). Large 
areas of the nature reserves in Singapore are poorly buffered and are vulnerable to 
acid deposition (Thomas, 1991). Stream and soil acidification within Singapore’s 
nature reserves appear to have occurred in recent years (Ng, 2008; Phang, 2009). As 
ecosystem acidification can adversely impact all taxa, it is likely to threaten the 
survival of many species in the future. 
 
Amphibians are generally considered to be good indicators of the environment’s 
health (Collins & Storfer, 2003) and acid deposition as a result of air pollution has 
been implicated in their decline (Pough, 1976; Pierce, 1993). They are generally 
sensitive to habitat acidification (Vitt et al., 1990) and acid precipitation can have 
lethal and sub-lethal impacts on amphibians at all stages (Freda et al., 1991). In 
addition, there are considerable intra- and inter-specific variations among amphibians 
in acid sensitivity (Pierce & Wooten, 1992). As the survival of embryos and larvae are 
important in maintaining adult amphibian populations, their sensitivity to stressors are 
likely to have implications on their future survival. Although the stressors (low pH 
and high temperatures) are known to work synergistically in reducing survival in 
temperate amphibians (Pough & Wilson, 1977; Punzo, 1983), little is known about 
the impacts of warming and acidification on the survival and development of tropical 
species. Therefore, I attempt to address this missing gap through this study.  
 
To consider the impact of elevated temperature, ability to mitigate this threat needs to 
be taken into account. Behavioural changes such as inhabiting cooler habitats or a 
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shift towards nocturnal activities may partially alleviate detrimental effects of 
elevated temperature (see Bickford et al., 2010; Blaustein et al., 2010). The more 
mobile adults can seek cooler microhabitats to avoid high environmental temperatures 
(O’Connor & Tracy, 1992). This also holds true for larvae of most species with the 
exception of direct developers without free-living larval stages (de Vlaming & Bury, 
1970; Wollmuth et al., 1987). While a few species that exhibit parental care may be 
able to shift their sessile embryos to a more conducive environment in response to 
warming, embryos of most species will not be able to avoid rising temperatures 
(Herreid & Kinney, 1967). Therefore, the warming threat may have different impacts 
at various life stages.  
 
The previous chapter determined acute WT of different amphibian larvae species and 
is likely to overestimate the temperature thresholds at extended time periods for 
optimum growth and performance (Hofmann & Todgham, 2010). To determine 
whether amphibians can tolerate an elevated thermal regime, they were subjected to 
prolonged increased temperature treatment to determine their survival. Hence, the 
objectives of this study are 1) To investigate the individual effect of elevated 
temperature as well as its interactive effect with low pH on amphibian survival, 2) To 
investigate the individual effect of elevated temperature as well as its interactive 
effect with low pH on larval duration to metamorphosis. I hypothesise that although 
prolonged increased temperature will result in increased mortality, it will reduce 
larval duration to metamorphosis. I also hypothesise that elevated temperature will 




Study in Singapore  
Singapore Island (1°22’N, 103°48’E) is a small lowland island in Southeast Asia with 
the highest point at approximately 162 m in elevation (Thomas, 1991). Situated just 
above the equator, it experiences tropical temperatures averaging 27 °C, relative 
humidity >80% and annual rainfall >2000 mm (NEA, 2010). Seasonal variation is 
minimal, although there is generally more rainfall from November to January. Owing 
to precipitation throughout the year and absence of distinct seasonality, most 
amphibian species in Singapore breed throughout the year (Berry, 1964; pers. obs.).  
 
In Singapore, eight species were studied (Table 5.1) with five egg clutches obtained 
from the wild per species (Fig. 5.1). Both embryonic and larval stages were tested for 
six species (D. melanostictus, F. cancrivorus, F. limnocharis, H. labialis, L. blythii 
and M. heymonsi). For K. limbooliati, only larval stage was used as a result of the 
small sample size allowed for collection by National Parks Board. As for P. 
leucomystax, only larval stage was used as it lays eggs in a foam nest out of water.  
 
Table 5.1. List of Singapore study species from different thermal communities and the GPS 
coordinates of the collection localities. 
 
Species Community GPS coordinates 
D. melanostictus Open country 1°16′48.14″N  103°48′06.09″E 
F. cancrivorus Open country 1°23′32.60″N  103°55′15.12″E 
F. limnocharis Open country 1°16′48.14″N  103°48′06.09″E 
L. blythii Forest stream 1°20′34.45″N  103°45′54.99″E 
H. labialis Forest stream 1°21′13.46″N  103°46′19.49″E 
P. leucomystax Open country 1°25′51.46″N  103°42′27.24″E 
K. limbooliati Forest phytotelm 1°21′13.36″N  103°46′44.53″E 





Fig. 5.1. Map of Singapore and various collection localities (1) Lim Chu Kang, (2) Bukit 
Batok Town Park, (3) Bukit Timah Nature Reserve, (4) Hortpark and (5) Lorong Halus. 
 
For testing of embryonic stage, 80 embryos between Gosner stages 6–9 (Between 16 
cells to Late Cleavage) (Gosner, 1960) randomly chosen and placed into eight 
separate aquariums under two temperature levels (Control and +3 °C) and four pH 
levels (Control, 4.5, 4.0 and 3.5) under a two × four factorial experimental setup. An 
elevated temperature of +3 °C was used as the treatment as it is representative of the 
projected increase in temperature experience in the tropics by 2100 AD (IPCC, 2007). 
pH treatments ranged from 3.5–4.5 to represent current rainfall pH. The embryos 
were kept until hatching and the % hatching success recorded. The remaining 
embryos from each egg clutch were incubated separately and subsequently used in the 
larval experiment upon hatching. For testing of larval stage (all species except K. 
limbooliati), 80 larvae at Gosner stage 25 were randomly chosen and placed into eight 
separate aquariums under two temperature levels (Control and +3 °C) and four pH 
levels (Control, 4.5, 4.0 and 3.5) under a two × four factorial experimental setup. For 
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K. limbooliati, 30 larvae at Gosner stage 25 (Mouthparts obvious, Spiracle forms on 
left) were randomly chosen upon hatching and placed into six separate aquariums 
under two temperature levels (control and +3 °C) and three pH levels (4.5, 4.0 and 
3.5) under a two × three factorial experimental setup. Survival was recorded daily for 
one week. To determine potential impact of chronic exposure on survival and larval 
duration, three species (D. melanostictus, K. limbooliati and M. heymonsi) were kept 
until metamorphosis with survival and larval duration recorded. For each temperature 
and stressor treatment combinations, five replicates were used with each aquarium 
from different egg clutch used as a replicate. 
 
Rearing environment  
Individuals were kept in aquariums containing 2 litres of reconstituted water at 
circumneutral pH and sulphuric acid added to lower it to the desired level. pH was 
measured daily using a pH meter and re-adjusted to the desired level when necessary. 
Temperature was controlled using a water bath with multiple heaters. To reduce the 
effect of temperature heterogeneity, water was circulated with multiple water pumps 
and the position of the aquariums in the setup was regularly reassigned. To prevent 
waste build-up, uneaten food was removed daily and water change conducted weekly. 
 
 
Fig. 5.2. Illustration of actual water bath setup in Singapore (top view). Grey rectangles 
represent aquariums while black rectangles represent water pumps. 
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For species from the forest stream community, temperatures (Control) were 
maintained at 28 °C in the day and 26 °C at night. For species from the forest 
phytotelm community, temperatures (Control) were maintained at 30 °C in the day 
and 26 °C at night. For species from the open country community, temperatures 
(Control) were maintained at 35 °C in the day and 26 °C at night. This is based on the 
maximum and minimum temperature of the different communities obtained from 
Chapter 4. All individuals were kept under 12:12 hr photoperiod and fed ad libitum 
with powdered Hikari tropical algae wafers.  
 
Study in Thailand  
Situated in Nakhon Ratchasima province of Thailand (14°31'N, 101°55'E), Sakaerat 
Environmental Research Station (SERS) (Fig. 5.3) consists of a mixture of deciduous 
dipterocarp forest and dry evergreen forest at various degrees of regeneration (Inger & 
Colwell, 1977). Average annual temperature is around 25–26 °C while total yearly 
precipitation averages 1260 mm with a distinct dry season and wet season (Thompson 
& Landsberg, 1975; Thompson & Pinker, 1975). In SERS, most amphibian species 




Fig. 5.3. Map of Thailand and location of Sakaerat Environmental Research Station (SERS). 
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A total of four species (Chirixalus hansenae, P. leucomystax, M. butleri and M. 
heymonsi) from SERS were studied. For each species, three egg clutches were 
obtained and collected from two ponds (GPS coordinates: 14°29′49.26″N, 
101°54′56.22″E and 14°30′32.01″N, 101°55′55.66″E). Both embryonic and larval 
stages were experimented for two species (M. butleri and M. heymonsi). For C. 
hansenae and P. leucomystax), only their larval stage were tested as their embryos are 
laid in foam nests above water and hence offers some protection from acid deposition 
and high temperature. Dataloggers were placed to record the environmental 
temperatures. 
 
For testing of embryonic stage, 100 embryos (Gosner stages 6–9) were randomly 
chosen for all species and placed into 10 separate aquariums under two temperature 
levels (Control and +3 °C) and five pH levels (Control, 3.75, 4.00, 4.25, 4.50) under a 
two × five factorial experimental setup. Different pH levels were used from the 
Singapore study because of possible difference in rainfall pH in the future. The 
embryos were kept until hatching and the % hatching success recorded. The 
remaining embryos from each egg clutch were incubated separately and subsequently 
used in the larval experiment upon hatching. For testing of larval stage, 100 larvae 
(Gosner stage 25) were randomly chosen and placed into ten separate containers 
under two temperature levels (Control and +3 °C) and five different pH levels 
(Control, 3.75, 4.00, 4.25, 4.50) under a 2 × 5 factorial experimental setup. Survival 
was recorded daily over a period of four days. For each temperature and stressor 
treatment combinations, three replicates were used with each aquarium from different 
egg clutch used as a replicate. 
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Rearing environment  
As a result of logistical and time constrints, it was not possible to replicate the exact 
setup as the ones used in Singapore. However, experimental conditions were kept as 
similar to the one in Singapore (see earlier). The differences are 1) Temperatures 
(Control) were maintained at 32 °C in the day and 25 °C at night while temperatures 
(+3 °C) were maintained at 35 °C in the day and 28 °C at night (based on temperature 
range in the field), 2) Filtered pond water was used instead of reconstituted water, 3) 
Circular containers and circular water baths were used (see Fig. 5.4). 
 
Fig. 5.4. Illustration of actual water bath setup in Thailand (top view). Circles represent 
containers while black rectangles represent water pumps. 
 
Statistical analysis 
As the data do not fulfil the assumptions of normality and homoscedasticity even after 
transformation, non-parametric statistical tests were used. Data on the embryo and 
juvenile survival as well as mean developmental duration to metamorphosis were 
analysed separately using two-way permutational univariate analysis of variance 
(Monte Carlo simulation with 5000 permutations), with pH and temperature as fixed 
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factors. Additional post-hoc tests with the Bonferroni correction were also conducted 
to determine treatment differences. All data were analysed using the software 
PERMANOVA (Anderson, 2005). 
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5.3 Results 
Table 5.2. % embryo hatching success (mean ± SE) from Singapore (n=5). Bold values are 
significantly different from control pH and control temperature. 
 
 Control temperature  +3°C  
Species Control 
pH 
pH 4.5 pH 4 pH 3.5 Control 
pH 
pH 4.5 pH 4 pH 3.5 
D. melanostictus 100 ± 0 100 ± 0 8 ± 8 0 ± 0 100 ± 0 98 ± 2 22 ± 14 0 ± 0 
F. cancrivorus 100 ± 0 100 ± 0 100 ± 0 60 ± 20 100 ± 0 100 ± 0 100 ± 0 50 ± 22 
F. limnocharis 100 ± 0 98 ± 2 98 ± 2 0 ± 0 100 ± 0 100 ± 0 98 ± 2 0 ± 0 
H. labialis 100 ± 0 100 ± 0 100 ± 0 0 ± 0 98 ± 2 100 ± 0 100 ± 0 0 ± 0 
L. blythii 100 ± 0 98 ± 2 88 ± 5 0 ± 0 98 ± 2 98 ± 2 88 ± 6 0 ± 0 
M. heymonsi  100 ± 0 100 ± 0 100 ± 0 0 ± 0 100 ± 0 100 ± 0 100 ± 0 0 ± 0 
 
Although pH had a significant effect on embryo hatching success on all species, the 
effect of temperature and its interaction with low pH was not significant (Table 5.2 & 
Table 5.6).  
 
Table 5.3. % larval survival after one week (mean ± SE) from Singapore (n=5). Bold values 
are significantly different from control pH and control temperature. 
 
 Control temperature  +3°C  
Species Control 
pH 
pH 4.5 pH 4 pH 3.5 Control 
pH 
pH 4.5 pH 4 pH 3.5 
D. melanostictus 98 ± 2 98 ± 2 72 ± 17 0 ± 0 96 ± 4 100 ± 0 46 ± 17 0 ± 0 
F. cancrivorus 100 ± 0 100 ± 0 98 ± 2 90 ± 10 100 ± 0 100 ± 0 100 ± 0 92 ± 6 
F. limnocharis 100 ± 0 100 ± 0 100 ± 0 50 ± 19 100 ± 0 98 ± 2 100 ± 0 40 ± 24 
H. labialis 100 ± 0 96 ± 4 98 ± 2 12 ± 12 96 ± 2 100 ± 0 90 ± 6 16 ± 14 
K. limbooliati 100 ± 0  NA 100 ± 0 94 ± 6 0 ± 0  NA 0 ± 0 0 ± 0 
L. blythii 100 ± 0 98 ± 2 100 ± 0 8 ± 4 94 ± 2 100 ± 0 96 ± 2 6 ± 4 
M. heymonsi  100 ± 0 100 ± 0 100 ± 0 32 ± 13 100 ± 0 100 ± 0 94 ± 6 6 ± 6 
P. leucomystax 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 98 ± 2 
 
 
With the exception of F. cancrivorus, K. limbooliati & P. leucomystax, pH had a 
significant effect on larval survival after one week for all other species (Table 5.3 & 
Table 5.6). The effect of temperature was significant for K. limbooliati only (Table 
99 
5.3 & Table 5.6). However, the interaction between elevated temperature and low pH 
was not significant for all species (Table 5.3 & Table 5.6).  
 
Table 5.4. % larval survival at metamorphosis (mean ± SE) from Singapore (n=5). Bold 
values are significantly different from control pH and control temperature. 
 
 Control temperature  +3°C  
Species Control pH pH 4.5 pH 4 pH 3.5 
Control 
pH pH 4.5 pH 4 pH 3.5 
D. melanostictus 98 ± 2 98 ± 2 52 ± 21 0 ± 0 90 ± 4 98 ± 2 0 ± 0 0 ± 0 
K. limbooliati 100 ± 0  NA 100 ± 0 94 ± 6 0 ± 0  NA 0 ± 0 0 ± 0 
M. heymonsi  96 ± 2 92 ± 5 90 ± 4 0 ± 0 82 ± 9 86 ± 7 54 ± 9 0 ± 0 
 
With the exception of K. limbooliati, pH had a significant effect on larval survival at 
metamorphosis for D. melanostictus and M. heymonsi (Table 5.4 & Table 5.6). 
Elevated temperature significantly increased mortality for K. limbooliati and M. 
heymonsi (Table 5.4 & Table 5.6). In addition, interaction between elevated 
temperature and low pH was significant in increasing mortality for M. heymonsi 
(Table 5.4 & Table 5.6).  
 
Table 5.5. Mean larval duration to metamorphosis (mean ± SE) from Singapore (n=5). Bold 
values are significantly different from control pH and control temperature. As larval survival 
at pH 3.5 is 0% across all treatments, they were omitted from the table. 
 
 Control temperature +3°C 
Species Control pH pH 4.5 pH 4 
Control 
pH pH 4.5 pH 4 
D. melanostictus 13.0 ± 1.1 13.8 ± 1.2 12.9 ± 0.5 14.2 ± 0.6 13.8 ± 0.6 NA 
M. heymonsi  24.3 ± 0.9 25.5 ± 0.8 26.9 ± 0.5 27.3 ± 1.2 28.1 ± 0.3 28.5 ± 0.5 
 
 
Although elevated temperature significantly increased the mean larval duration to 
metamorphosis for M. heymonsi, this was not observed for D. melanostictus (Table 
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5.5 & Table 5.6). However, the interaction between elevated temperature and low pH 
was not significant (Table 5.5 & Table 5.6). As none of the K. limbooliati individuals 
survived at elevated temperature (Table 5.4 & Table 5.6), the mean larval duration for 
the species was not reported. 
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Embryonic hatching success Larvae survival after 1 week Larvae survival at metamorphosis Average larval duration to 
metamorphosis 
  Factor df MS F-value p-value df MS F-value p-value df MS F-value p-value df MS F-value p-value 
M. heymonsi                 
 Temperature 1 0.69 1.00 0.278 1 1039.35 1.64 0.173 1 870.81 7.77 0.008 1 154.36 14.39 0.0014 
 pH 3 24998.38 36097.67 0.0002  3 10325.90 16.29 0.0002 3 24775.40 221.09 0.0002 2 36.52 3.40 0.053 
 Temperature × pH 3 0.69 1.00 0.389 3 1070.46 1.69 0.148 3 323.94 2.89 0.0466 2 5.85 0.55 0.581 
D. melanostitus                 
 Temperature 1 254.57 0.40 0.530 1 307.74 0.63 0.499 1 2255.13 5.91 0.0202 1 44.39 0.89 0.356 
 pH 3 26199.12 41.56 0.0002 3 23897.77 48.76 0.0002 3 25568.97 67.04 0.000 1 8.10 0.16 0.702 
 Temperature × pH 3 249.40 0.40 0.730 3 307.77 0.63 0.634 3 2262.44 5.93 0.004 1 15.71 0.32 0.586 
P. leucomystax                 
 Temperature     1 0.69 1.00 1.000         
 pH     3 0.69 1.00 1.000         
 Temperature × pH     3 0.69 1.00 1.000         
F. cancrivorus                 
 Temperature 1 232.57 0.34 0.729 1 6.94 0.19 0.713         
 pH 3 2835.72 4.12 0.0094 3 73.53 2.05 0.091         
 Temperature × pH 3 232.57 0.34 0.915 3 4.14 0.12 0.999         
F. limnocharis                 
 Temperature 1 0.69 0.33 0.722 1 972.22 1.38 0.210         
 pH 3 24995.61 12031.22 0.0002  3 4930.63 6.98 0.0002         
 Temperature × pH 3 0.69 0.33 0.785 3 999.15 1.41 0.264         
L. blythii                 
 Temperature 1 0.87 0.06 0.723 1 231.66 0.30 0.714         
 pH 3 25019.65 1699.03 0.0002  3 13233.37 17.11 0.0002         
 Temperature × pH 3 0.67 0.05 0.978 3 269.04 0.35 0.897         
K. limbooliati                 
 Temperature     1 44945.13 6553.00 0.0002 1 44945.13 6553.00 0.0002     
 pH     2 6.86 1.00 0.307 2 6.86 1.00 0.307     
 Temperature × pH     2 6.86 1.00 0.375 2 6.86 1.00 0.375     
H. labalis                 
 Temperature 1 0.69 1.00 0.278 1 277.43 0.41 0.461         
 pH 3 24998.38 36097.67 0.0002 3 13799.79 20.49 0.0002         
  Temperature × pH 3 0.69 1.00 0.389 3 251.66 0.37 0.807                 
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Table 5.7. % embryo hatching success (mean ± SE) from Thailand (n=3). Bold values are 
significantly different from control pH and control temperature. 
 
  Control temperature  +3°C  
  
Control 
pH pH 4.5 pH 4.25 pH 4 pH 3.75 
Control 
pH pH 4.5 pH 4.25 pH 4 pH 3.75 
M. butleri 100 ± 0 100 ± 0 100 ± 0 70 ± 30 0 ± 0 100 ± 0 100 ± 0 100 ± 0 80 ± 15 0 ± 0 
M. heymonsi 100 ± 0 100 ± 0 100 ± 0 60 ± 31 0 ± 0 97 ± 3 97 ± 3 90 ± 10 60 ± 21 0 ± 0 
 
Although pH had a significant effect on embryo hatching success on both species, the 
effect of temperature and its interaction with low pH was not significant (Table 5.7 & 
Table 5.9).  
 
Table 5.8. % larval survival after four days (mean ± SE) from Thailand (n=3). Bold values are 
significantly different from control pH and control temperature. 
 
  Control temperature  +3°C  
  
Control 
pH pH 4.5 pH 4.25 pH 4 pH 3.75 
Control 
pH pH 4.5 pH 4.25 pH 4 pH 3.75 
C. hansenae 100 ± 0 100 ± 0 100 ± 0 83 ± 9 10 ± 10 100 ± 0 100 ± 0 100 ± 0 87 ± 9 17 ± 12 
M. butleri 100 ± 0 90 ± 6 80 ± 11 27 ± 3 0 ± 0 97 ± 3 87 ± 9 87 ± 9 30 ± 21 0 ± 0 
M. heymonsi 97 ± 3 100 ± 0 97 ± 3 63 ± 32 0 ± 0 100 ± 0 97 ± 3 100 ± 0 53 ± 29 13 ± 13 
P. leucomystax 100 ± 0 100 ± 0 100 ± 0 100 ± 0 93 ± 3 100 ± 0 93 ± 7 100 ± 0 100 ± 0 97 ± 3 
 
With the exception of P. leucomystax, pH had a significant effect on larval survival 
after four days (Table 5.8 & Table 5.9). However, the effect of temperature and its 
interaction with low pH was not significant for all species (Table 5.8 & Table 5.9).  
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Table 5.9. Summary of PERMANOVA results for experiments on the effects of temperature 




Embryonic hatching success Larvae survival after four days 
  Factor df MS F-value p-value df MS F-value p-value 
M. butleri         
 Temperature 1 149.09 0.58 0.548 1 448.97 1.03 0.414 
 pH 4 12002.96 46.94 0.0002 4 
12900.7
5 29.69 0.0002 
 Temperature × pH 4 149.09 0.58 0.717 4 448.18 1.03 0.417 
M. heymonsi          
 Temperature 1 488.04 1.04 0.406 1 365.08 0.36 0.411 
 pH 4 11490.59 24.49 0.0002 4 8342.05 8.23 0.001 
 Temperature × pH 4 353.56 0.75 0.537 4 345.53 0.34 0.840 
C. hansenae         
 Temperature     1 295.13 0.40 0.682 
 pH     4 5041.09 6.79 0.0014  
 Temperature × pH     4 307.00 0.41 0.920 
P. leucomystax         
 Temperature     1 0 - 1 
 pH     4 0 - 1 
 Temperature × pH     4 0 - 1 
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5.4 Discussion 
Of the six species tested for the embryonic stage in Singapore, there is no significant 
increase in mortality at elevated temperature. These may be attributed to their high 
thermal tolerance as embryos of tropical amphibian species generally have high CTmax 
(Brown, 1967; Zweifel, 1977; Scheffers et al., 2013). In addition, rapid embryonic 
development (approximately two days) of open country species may minimise 
potential detrimental impacts of elevated temperature (pers. obs.) as previous studies 
suggest that embryos below Gosner stage 10 tend to have lower CTmax (Brown 1967; 
Zweifel, 1977). In the wild, most species often spawn in the early parts of the night 
when it is cooler (pers. obs.). Upon fertilisation, embryos will develop beyond 
gastrulation by midday when temperature is at its peak; effectively preventing the 
sensitive stages from exposure to thermal stressful temperatures (Brown, 1967). As 
for the forest stream species, their embryos are unlikely to be impacted by 
temperature increase as the current Tmax that they experience is generally much lower 
than their CTmax (Results from Chapter 4). 
 
Of the eight species tested for the larval stage in Singapore, the larval survival at one 
week for all tested species in Singapore with the exception of K. limbooliati was high 
at elevated temperature treatment and not significantly different from control. This 
suggests that most species are able to tolerate the thermal stress posed by climatic 
warming. A possible reason for the high survival of most of the tested species could 
be attributed to the high CTmax of 38–42 °C for most tropical amphibians (Brattstrom, 
1968; Chapter 4) which is unlikely to be exceeded by current projections in 
temperature increase at the end of this century.  
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Exposed to high temperatures and large daily variation, species that live in open 
country habitats are adapted and able to withstand temperature extremes. Certain 
species, such as F. cancrivorus, are known to have exceptional thermal tolerance of 
over 40 °C (Dunson, 1977) and can even survive in hot springs with average 
temperature of 43 °C (Leong & Chou, 1999). Given water temperature in forest 
stream is around 25–26 °C, a 3 °C increase is unlikely to exceed warming thresholds 
of forest stream species and reduce their survival. While this suggest that they are able 
to tolerate and survive at projected elevated temperature in the future, it will be 
important to consider impact of climatic warming on tropical forest ecosystems as 
they are unlikely to persist if tropical forests do not. Unfortunately, current evidence 
suggests tropical forests are unlikely to survive under future warming scenarios 
(Williams et al., 2003). Therefore, while these forest stream species may not be 
adversely impacted by warming directly, they are likely to be indirectly vulnerable to 
impacts of warming on tropical forests. 
 
From Chapter 4 (Fig. 4.4b), it was determined that the acute WT of K. limbooliati is 
about 6 °C. However, the results from this chapter suggest that the larvae of K. 
limbooliati are unable to survive at prolonged elevated temperature of 3 °C. This is 
unexpected as a few other species (e.g. M. heymonsi and P. leucomystax) have smaller 
WTs than K. limbooliati (See Fig. 4.4b) but yet able to survive at prolonged elevated 
temperature of 3 °C. The exact cause of this observation is uncertain. It is possibly 
owing to its endotrophic nature of its larvae. As the only representative species from 
the forest phytotelm, K. limbooliati is also an exception among the different study 
species with an endotrophic larval stage. The tadpole depends entirely on the large but 
limited yolk for its energy requirement and does not feed until it reaches 
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metamorphosis. Given that an elevated temperature increases its metabolism without 
accelerating development, its energy reserve will be depleted at a much faster rate. 
Once this limited resource is exhausted during this larval stage, mortality will occur.  
 
Of the three species reared until metamorphosis, the survival of D. melanostictus and 
M. heymonsi were generally high at both control and elevated temperatures. While 
their inherent high thermal tolerance may play a role, extended exposure to thermal 
stressful conditions may result in thermal acclimatisation through which biochemical 
or morphological processes mitigate the possible long-term detrimental impacts 
(Angilletta, 2009). At elevated temperatures, proper cellular function is inhibited by 
protein denaturation and this up-regulates expression of heat-shock proteins, 
preventing cell death (Heikkila, 2004). Morphological changes such as a shift to a 
lighter colour can help the organism thermo-regulate (King et al., 1994), potentially 
minimizing thermal stress. While these adaptive measures may enable amphibians to 
survive, they are energetically costly and likely to have other potential impacts such 
as reduced fitness and fecundity (Angilletta, 2009).  
 
However, larval survival at metamorphosis was significantly reduced at an elevated 
temperature treatment for K. limbooliati and M. heymonsi. A possibility for this 
observation is that the current environmental temperature that the species experience 
is very close to its physiological optimal temperature and an increase of 3 °C exceeds 
it. While the thermal increase did not reach its CTmax where fitness is zero, exceeding 
the optimal temperature results in reduced fitness and survival. Prolonged exposure to 
a stressor (e.g. elevated temperatures above optimum) is more likely to result in 
physiological stresses than short-term exposure (Zaga et al., 1998), potentially 
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resulting in greater mortality. Another possibility is that pre-metamorphic larvae at the 
later Gosner stages tend to be more thermal-sensitive than early larval stages (Cupp, 
1980; Sherman, 1980; Floyd, 1983). Hence, they are more likely to be adversely 
impacted when they are about to reach metamorphosis, resulting in greater mortality.  
 
Although higher temperatures accelerate the metamorphosis of amphibian larvae (e.g. 
Harkey & Semlitsch, 1988; Newman, 1998; Alvarez & Nicieza, 2002), this was not 
observed in this study as the mean larval duration were not significantly different 
between control and elevated temperature for D. melanostictus. In fact, an elevated 
temperature significantly increased the mean larval duration to metamorphosis for M. 
heymonsi. This may be attributed to changes in their metabolic rate as higher 
environmental temperature will increase their basal metabolism (Gillooly et al., 
2002). While temperate amphibians can moderate their energetic cost at elevated 
temperatures by thermal acclimatising their metabolism, most tropical species appear 
to lack this ability (Feder, 1978, 1982). Hence, tropical species will have to 
proportionally increase their food intake to match the increase in metabolic demand in 
order to grow. This may be a major problem as food is often limited in the natural 
environment. Another possibility is that the current environmental temperature that 
the species is exposed to is close to its physiological optimal temperature and an 
increase of 3 °C exceeds it. While the thermal increase did not reach its CTmax where 
fitness is zero, exceeding the optimal temperature reduces fitness, potentially slowing 
growth and development. 
 
This may have implications for survival of some species in view of other 
environmental alterations brought about by climate change such as increased 
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precipitation variability (Donnelly & Crump, 1998; Bickford et al., 2010). While 
delaying metamorphosis may not be a major issue for species that survive in 
permanent water bodies, this may potentially have considerable impact on ephemeral 
pool species. As the temporary water bodies that these species utilise will be more 
short-lived in the future as a result of accelerated evaporation and possible reduced 
precipitation, a delay in metamorphosis may result in increased desiccation risk, 
resulting in complete reproductive failure. Although phenotypic plasticity (Newman, 
1992) may partially alleviate this threat through earlier emergence before these water 
bodies completely dry up, these adaptations are not without cost as their post-
metamorphic survivorship may decline. Species living in geographic regions with 
reduced precipitation and increased variability in the future will therefore be more 
susceptible to such detrimental impacts (Bickford et al., 2010). 
 
As seen from the result of M. heymonsi (Table 5.4), elevated temperatures can 
synergistically interact with acid precipitation, resulting in increased mortality. This 
suggests that acid deposition can potentially amplify the impact of climatic warming. 
While the presence of one stressor at a sublethal level does not result in mortality, the 
combination of two or more stressors each at sublethal levels can result in mortality 
(Sih et al., 2004). This is consistent with a few studies that have suggested the synergy 
between low pH and high temperatures in reducing survival (Pough & Wilson, 1977; 
Punzo, 1983).  
 
However, other studies (Griffithsand & de Wijer, 1994; Amen et al., 2007) as well as 
two other species from the current study indicate no interaction between the two 
stressors. A possible explanation to this difference in observation may be attributed to 
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the experimental temperature, pH and the species used. As each species can survive 
and cope with its own range of temperature and pH, a change may not be stressful if it 
is still within its physiological range (Angilletta, 2009). It will only become deadly 
when it exceeds beyond a critical point, resulting in loss of fitness and mortality 
(Deutsch et al., 2008; Tewksbury et al., 2008).  
 
As reviewed in Chapter one, climatic warming can also indirectly impact amphibian 
through interaction with other stressors present in the environment. Low pH as a 
result of acid deposition can also interact with other stressors such as aluminium 
(Beattie & Tyler-Jones, 1992; Jung & Jagoe, 1995), chromium trioxide (Joshi & Patil, 
1992), UV-B (Long et al., 1995), nitrate (Hatch & Blaustein, 2000) and pesticides 
(Boone & Bridges, 1999), thus affecting the survival of amphibians. While some of 
these interactions are antagonistic and can reduce the overall impact on amphibians, 
many of these interactions appear to be additive or synergistic. This will have 
implications as amphibians in the wild usually encounter an assortment of natural and 
anthropogenic stressors. 
 
None of the tested amphibian species in Thailand (both embryo and larval stages) had 
increased mortality at an elevated temperature and this may attributed to the shorter 
experimental duration of four days. In addition, amphibian species in Thailand may be 
more adapted to temperature changes attributed to the larger annual variations 
experienced. Furthermore, the Tmax that these embryos and larvae experience are 
generally lower than those species experienced in Singapore as most species in 
Thailand breed mainly during the monsoon season where temperatures are cooler. 
Given that the CTmax of species in both countries are similar, species found in 
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Thailand will have higher WT (Liu, 2013) and can better tolerate temperature 
increase. Hence, they may be less adversely impacted by thermal stress caused by 
warming. 
 
While warming may not directly result in mortality for most species, it can result in 
sublethal impacts such as reduced growth and development. Such changes can affect 
larval survival as decreased swimming burst speed can potentially reduce their ability 
to escape from predators (Wilson & Franklin, 2000). Reduced body size at 
metamorphosis can increase post-emergence risk of desiccation (Álvarez & Nicieza, 
2002); lower ability to escape predation (Tejedo et al., 2000); and diminish ability to 
capture prey (Vincent et al., 2006). Reduction in adult body size can also result in 
smaller clutch size which may impair lifelong reproductive fecundity (Bickford et al., 
2010); and reduce wet mass and energy reserves (Walsh et al., 2008; Alvarez & 
Nicieza, 2002). These changes will reduce overall ability to survive in the wild.  
 
Given that survival of most study species was not reduced at elevated temperatures, it 
is possible that some tropical amphibians will not be directly impacted by projected 
temperature increases attributed to climatic warming. However, other indirect impacts 
may reduce survivorship. For example, indirect impacts of warming such as alteration 
of food-web structure and ecosystem function can reduce the amount of available 
food, impacting the higher trophic consumers (Petchey et al., 1999) or changing 
disease-host interactions (Pounds et al., 2006). While presence of multiple stressors 
can be more detrimental than a single stressor (Sih et al., 2004), these complex 
interactions are often unpredictable and can have additive, synergistic or antagonistic 
impacts.  
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While this study covers a number of tropical lowland species, physiological limits of 
many other species are unknown. It is possible that certain species may be close to 
their critical thermal optima and are less likely to tolerate predicted temperature 
increase (Donnelly & Crump, 1998). A notable example is the lungless frog 
(Barbourula kalimantanensis) which respires entirely through the skin and only 
inhabits cold, fast-moving stream habitats. Warming is likely to detrimentally impact 
its survival as an increased metabolic rate in warmer waters coupled with reduction in 
dissolved oxygen can lead to hypoxia, potentially increasing mortality (Bickford et 
al., 2010). Such stenotopic species with restricted distribution have a higher likelihood  
to be adversely impacted by warming compared to commensal species that are able to 
tolerate a broader thermal regime (Donnelly & Crump, 1998). With rising temperature 
and range reduction, extirpation or even extinction of sensitive species can occur.  
 
5.5 Conclusions 
With the increasing threat of climatic warming, it is essential to determine which 
species are most at risk. It is particularly important to identify species that are close to 
their thermal physiological optima in order that proper conservation measures can be 
taken to ensure their survival. Contrary to speculation, the results indicate that at least 
some tropical amphibian species (both embryos and larvae) are able to withstand 
temperature increase in worst-case projections by the end of this century. The high 
survival of most of the tested species suggests that they are most likely to persist in 
the future. More extensive research are required to determine the WT of other 
amphibian assemblages, to investigate the relationship between physiological changes 
and rising temperature, to assess whether other compensatory measures can mitigate 
112 
the adverse impacts of warming and finally to establish how multiple varying 
stressors can interact with warming in affecting populations. 
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Chapter Six. A meta-analysis of the interactive effect of increasing temperature 
and other stressors on amphibians 
6.1 Introduction 
Given that many published experimental ecological studies available, there is an 
increasing need to synthesise these studies’ results and come to certain general 
conclusions. Conventionally, the traditional approach would rely on subjective 
techniques such as review or vote-counting. As a review relies on the expert view of 
the critic, it is usually prejudiced and difficult to come to a conclusion without bias 
(Gurevitch et al., 1992). Ecologists have often utilised a method known as vote-
counting where different studies with either positive statistically significant, not 
statistically significant or negative statistically outcomes are categorised and vote-
tallied to determine whether an observed effect is real (Hunter et al., 1982; Gurevitch 
et al., 1992). While the ease of application is appealing (Hedges & Olkin, 1980), this 
overly conservative counting method predisposes toward concluding no effect and is 
especially a problem when most ecological studies have small sample sizes with small 
or moderate effect (Hedges & Olkin, 1980; Rosenberg et al., 2000). In addition, it 
tends to result in misleading or incorrect conclusions with the increase in the total 
number of studies (Hedges & Olkin, 1980). 
 
A more advanced quantitative method known as meta-analysis which synthesise, 
analyse and summarise a number of independent studies. This method is more 
suitable and statistically accurate and enables the inference of the overall general 
conclusion (Hedges & Olkin, 1985). As meta-analysis is more powerful and 
informative, it can determine the magnitude of an effect and can overcome some of 
the limitations of more traditional methods (Hedges & Olkin, 1985). Although widely 
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used in medical and social sciences over the past few decades, it is only recently being 
utilised by ecologists to summarise such conclusions (e.g. Arnqvist & Wooster, 1995; 
Osenberg et al., 1999). Previously restricted to determine single-factor effect (Cooper 
& Hedges, 1994), the development of newer meta-analytic methods enable both the 
exploration of single-factor effect and multifactor interactive effect in fully factorial 
experiments (Gurevitch et al., 2000; Hawkes & Sullivan, 2001; Bancroft et al., 
2008a). 
 
Despite its advantages, meta-analysis is also prone to publication or research bias as 
unpublished data are usually not readily available and only accessible published data 
are synthesised (Mann, 1990; Gurevitch & Hedges, 1999). This is particularly 
important as studies with statistically significant effect have higher likelihood of 
getting published over studies without a significant effect. In spite of its drawbacks, a 
number of tools such as fail-safe N have been developed to approximate the possible 
importance of unpublished studies. This involves calculating the number of other such 
studies with a zero effect size required to alter its conclusion (Rosenthal, 1979).  
 
As ectotherms, the physiological, ecological and behavioral aspects of amphibians are 
greatly influenced by environmental temperature (Ultsch et al., 1999; Corn, 2005). 
High temperature can have both lethal and sub-lethal impacts at different life history 
stages, with considerable intra-and inter-specific variation (Feder & Burggren, 1992). 
Although these studies have investigated the interactive effect of high temperature in 
the presence of other stressors on amphibians, no quantitative study has been 
conducted to quantify this effect. While some studies have demonstrated that a higher 
temperature can synergise with stressors resulting in more than additive impact on 
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amphibians (e.g. Geiser & Seymour, 1989; Materna et al., 1995), other studies have 
suggested an antagonistic (less than additive) interactive effect (e.g. Boone & Bridges, 
1999; Berger et al., 2004; Rojas et al., 2005). In view that the presence of other 
environmental stressors and how rising temperatures can potentially interact with 
them, quantifying this effect will be important in predicting how amphibians will fare 
with climatic warming in the future. It is imperative to understand these changes 
given that amphibians are declining worldwide and climatic warming is likely to 
greatly elevate extinction risk. 
 
In this study, meta-analysis is applied to compute the overall effect of higher 
temperature exposure on amphibian’s survival. In addition, the interactive effect of 
higher temperatures in the presence of another stressor is also computed. While higher 
temperature and its interaction with stressor can have many possible impacts (e.g. 
reduced body size, reduced fitness, increased mortality) on amphibians (e.g. Newman, 
1998; Broomhall, 2002; Bustamante et al., 2010), the response variable survival was 
chosen as death is widely reported in most studies and is the most severe end point 
following exposure.  
 
This meta-analysis study will address the various hypotheses  
1) Higher temperature alone will significantly increase amphibian mortality, 
with greater impact on the embryo than larvae and on caudates than 
anurans  
2) Interaction between higher temperature and other stressors is synergistic in 
increasing amphibian mortality, with greater impact on the embryo than 
larvae and on caudates than anurans  
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6.2 Methods 
Identification of suitable studies 
Literature search comprised of four phases. 1) Peer-reviewed journals from three 
databases (Google Scholar, Web of Science, ScienceDirect) were searched to identify 
papers used in this analysis. All combinations of the terms: temperature, stressor, 
survival, mortality and amphibian, Anura, Apoda, Caudata, caecilian, frog, newt, 
salamander or toad were used in the search. 2) Cited references in the papers were 
searched as well. 3) Unpublished theses were also searched online and included. 4) 
Data from Chapter 5 of this dissertation were also included. 
 
Inclusion criteria 
To circumvent selection bias, detailed requirements were selected before conducting a 
comprehensive literature search. All studies were examined and only those with a 
fully factorial of 2 × 2 design that include amphibian mortality after exposure to two 
different temperatures in the presence and absence of another stressor were 
considered (Table 6.1).  
 
As the predicted temperature rise in the worst-case scenario by the end of this century 
is approximately 6 °C (IPCC, 2007), the temperature difference between the lower 
(control) and higher (treatment) was restricted to ≤ 6 °C to better predict how higher 
temperature brought about by future climatic warming can potentially alter the 
interaction. Hence, a number of studies where the temperature difference between 
control and treatment (> 6 °C) were excluded. Ambient temperature was taken as the 
control temperature and was not taken as the ideal temperature. This is because the 
environmental temperature varies considerably between different climatic zones. 
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Hence, amphibians do experience a range of temperature in the wild (most of which is 
below their optimal temperature). In studies where more than two temperatures were 
conducted, two temperatures were randomly chosen with the lower temperature used 
as the control while the higher temperature used as the treatment. For studies where 
more than two levels of additional stressor were tested, a random level of stressor was 
selected as the treatment while the control was selected as one without the additional 




Table 6.1. Data source of this meta-analysis on the effect of elevated temperature and stressor 
on amphibian survival. 
 
Additional stressors Life-history 
stage Species Author 
6-aminonicotinamide embryo Xenopus tropicalis Fort et al., 2004 
Atrazine embryo Xenopus tropicalis Fort et al., 2004 
Benzoyl Hydrazine embryo Xenopus laevis Riggin & Schultz, 1986 
Cadmium larva Bufo arenarum Ferrari et al., 1993 
Carbaryl embryo Ambystoma barbouri Rohr et al., 2011 
 larva Ambystoma barbouri Rohr et al., 2011 
  Rana clamitans Boone & Bridges, 1999 
Chytrid adult Atelopus zeteki Bustamante et al., 2010 
  Mixophyes fasciolatus Berger et al., 2004 
 metamorph Rana muscosa Andre et al., 2008 
Copper embryo Xenopus tropicalis Fort et al., 2004 
Dry environment adult Atelopus zeteki Bustamante et al., 2010 
Esfenvalerate larva Rana sp. Materna et al., 1995 
Ethanol  embryo Xenopus tropicalis Fort et al., 2004 
Low Food larvae Desmognathus quadramaculatus Hickerson et al., 2005 
  Rana esculenta Negovetic et al., 2001 
  Rana lessonae Negovetic et al., 2001 
  Rana temporaria Laugen et al., 2005 
  Salamandra salamandra Alcobendas et al., 2004 
Low Quality food larva Discoglossus galganoi Álvarez & Nicieza, 2002 
Oomycete embryo Rana sphenocephala Ruthig, 2008 
pH embryo Ambystoma jeffersonianum Pough & Wilson, 1977 
  Ambystoma maculatum Pough & Wilson, 1977 
  Ambystoma texanum Punzo, 1983 
  Chiromantis hansenae Own study (Thailand) 
  Kalophrynus limbooliati Own study (Singapore) 
  Polypedates leucomystax Own study (Singapore) 
  Polypedates leucomystax Own study (Thailand) 
  Triturus cristatus Griffithsand & de Wijer, 1994 
  Triturus helveticus Griffithsand & de Wijer, 1994 
  Triturus vulgaris Griffithsand & de Wijer, 1994 
 
embryo & 
larvae Duttaphrynus melanostictus Own study (Singapore) 
  Fejervarya cancrivorus Own study (Singapore) 
  Fejervarya limnocharis Own study (Singapore) 
  Hylarana labialis Own study (Singapore) 
  Limnonectes blythii  Own study (Singapore) 
  Microhyla butleri Own study (Thailand) 
  Microhyla heymonsi Own study (Singapore) 
  Microhyla heymonsi Own study (Thailand) 
Semicarbazide embryo Xenopus tropicalis Fort et al., 2004 
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Data management 
For this meta-analysis, a study is termed, as an original paper while a comparison is 
termed as estimation for a species from a geographical location from one study as 
multiple species can be within a study. When multiple results were reported during 
the course of the study, only results on the last sampling day were selected and used. 
Thus, 48 comparisons of effect sizes were generated from 19 studies. Variables such 
as the duration of exposure (in days), life-history stage and taxonomic orders were 
compiled. Graphical data were extracted using the software DataThief III while % 
data in survival or mortality were converted to number of individuals that survived or 
died. For each comparison, the mean number of surviving and dead individuals for 
both control and treatment were recorded. All data and variables related to the 
analysis were inputted to an excel spreadsheet. 
 
Computation of Effect Size  
Effect size (Hedge’s g) was calculated using Comprehensive meta-analysis software 
(Borenstein et al., 2005) (See Appendix E). For groups with 10 or more comparisons, 
bias-corrected percentile bootstrap was used to generate 95% confidence intervals 
(CIs) while a more conservative parametric 95% CIs was used for groups with less 
than 10 comparisons (Adam et al., 1997). Because of mathematical incompatibility, 
the effect size of some comparisons (n=7) could not be calculated and were excluded 
(e.g. 100% survival for the control and all treatments). Hence, only 41 comparisons 
were compared. 
 
As the objective of this study was to generalise whether higher temperature, 
additional stressor and their interactions were associated with increased mortality in 
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amphibians beyond this set of comparisons, a weighted random-effect model was 
used. The variables considered were reported in each study (Table 6.2). As the 
number of suitable comparisons from my own study constitutes 37% of all the 
comparisons (See Chapter 5), there may be a possibility of bias which can potentially 
alter the overall result. To investigate whether there was such a possible impact, two 
separate analyses were conducted: 1) all comparisons were investigated for the first 
analysis (n=41), 2) all comparisons (excluding those from Chapter 5) were 
investigated for the second analysis (n=26). As the results were qualitatively similar 
with or without comparisons from Chapter 5, only the results of all comparisons were 
reported.  
 
Table 6.2. Variables in the factorial meta-analysis on the effects of elevated temperature and 
an added stressor on amphibian survival. 
 
Variables Possible categories 
Life-history stage Embryo 
Larva 
 Post-metamorphic 
Taxonomic order Anura 
  Caudata 
 
A positive effect size value for temperature or stressor indicates increased impact on 
mortality. A positive interaction value will suggest a synergistic effect of higher 
temperature and stressor in reducing survivorship than the individual effect of higher 
temperature or stressor alone. In contrast, a negative interaction value will suggest an 
antagonistic effect of higher temperature and stressor in reducing survivorship. Effect 
size estimates are significantly different when their 95% CIs do not overlap and are 
considered to be statistically different from zero when their 95% CIs do not overlap 
with it. To estimate potential importance of unpublished studies, a fail-safe N 






Fig. 6.1. Mean effect size (Hedge’s g means and 95% CIs) for meta-analysis of the interaction 
between elevated temperature and an additional stressor on amphibian survival. Estimates 
with different uppercase alphabet are significantly different. 
 
 
Main effects (elevated temperature and stressor) were statistically different from zero 
and significantly different from one another (Fig. 6.1). However, interactive effect 
between higher temperature and additional stressor was not different from zero, 
suggesting that there was a lack of a more than additive effect between them (Fig. 
6.1). As the calculated Rosenthal’s number for Temperature (362) and Stressor (5722) 
were respectively greater than the total number of comparisons used in the analysis 
(41), this suggested that the conclusions made were unlikely to be overturned. 
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Fig. 6.2. Mean effect sizes (Hedge’s g means with 95% CIs) of elevated temperature on 
amphibian survival only: (a) complete model, (b) life-history stage and (c) taxonomic order. 
In each section, estimates with different uppercase alphabet are significantly different while 
the sample size of each estimate is indicated by the value in parentheses. With the exception 
of Post-metamorph life-history stage and Caudata taxonomic order with parametric CIs, all 
results are means with bias-corrected bootstrapped CIs. 
 
Effect of elevated temperature was statistically different from zero (Fig. 6.2). In 
addition, effect of higher temperature was also significantly different from zero for 
larvae (Fig. 6.2), suggesting greater mortality of larvae when exposed to higher 
temperature. The effect of temperature was significantly greater on larvae than the 
other two life-history stages (Fig. 6.2). None of the other life-history stages and 
taxonomic orders was significantly different from zero (Fig. 6.2). As the calculated 
Rosenthal’s number for larval life-history stage (322) was greater than the number of 
comparisons used in its analysis (18), this suggested that the conclusion made was 
unlikely to be overturned by other unpublished studies. 
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Fig. 6.3. Mean effect sizes (Hedge’s g means with 95% CIs) of stressor on amphibian survival 
only: (a) complete model, (b) life-history stage and (c) taxonomic order. In each section, 
estimates with different uppercase alphabet are significantly different while the sample size of 
each estimate is indicated by the value in parentheses. With the exception of Post-metamorph 
life-history stage and Caudata taxonomic order with parametric CIs, all results are means with 
bias-corrected bootstrapped CIs.  
 
Effect of stressor was significantly different from zero (Fig. 6.3). In addition, effects 
of stressor were also significantly different from zero for all life-history stages and 
taxonomic orders (Fig. 6.3), suggesting greater mortality of amphibians when exposed 
to stressor. However, the effect between life-history stages and taxonomic orders were 
not significantly different from each other (Fig. 6.3). As the calculated Rosenthal’s 
number for embryo (1850), larvae (774), post-metamorph (17), anura (3013) and 
caudata (422) were respectively greater than the number of comparisons used in their 
analysis (Fig. 6.3), suggesting that these conclusions made were unlikely to be 




Fig. 6.4. Mean effect sizes (Hedge’s g means with 95% CIs) of interaction between elevated 
temperature and stressor on amphibian survival: (a) complete model, (b) life-history stage and 
(c) taxonomic order. In each section, estimates with different uppercase alphabet are 
significantly different while the sample size of each estimate is indicated by the value in 
parentheses. With the exception of Post-metamorph life-history stage and Caudata taxonomic 
order with parametric CIs, all results are means with bias-corrected bootstrapped CIs.  
 
Effect of interaction between elevated temperature and stressor was not significantly 
different from zero (Fig. 6.4). With the exception of larvae life-history stage which 
was statistically different from zero, all other life-history stages and taxonomic orders 
were not (Fig. 6.4). Effect between the different life-history stages and taxonomic 
orders were not significantly different from each other (Fig. 6.4). As the calculated 
Rosenthal’s number for larvae (52) was greater than the number of comparisons used 
in its analysis (18), suggesting that these conclusions made were unlikely to be 
overturned by other unpublished studies. 
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Further analyses of the data were not conducted as sample sizes in each stressor type 
were generally too few for comparison. As the random effect model was used, the 
findings can be used to generalise it beyond the comparisons in this meta-analysis 
(Hedges & Vevea, 1998). 
 
6.4 Discussion 
In this meta-analysis, elevated temperature is associated with greater amphibian 
mortality, suggesting that warmer climate (up to 6 °C) in the future will potentially 
reduce their survival. However, the effect size of increased temperature is small and 
significantly lesser as compared to the effect size of stressor alone. This suggests that 
although increased temperature alone can significantly result in amphibian mortality, 
its individual effect may be small. This may be attributed to the experimental 
temperatures used in the various studies which range from the low to high thermal 
critical limits. While a temperature increase from its lower range is unlikely to have 
an adverse impact on them and may even improve its performance, an increase from 
its upper range is much more likely to have a detrimental impact as it may potentially 
exceed critical thermal optima. Temperature rise may not be a major issue to some 
amphibian species as they are known to display thermal acclimation on exposure to 
extended periods of high temperatures, assisting them to cope with possibly lethal 
temperatures during summer (Zweifel, 1957; Brattstrom, 1968, 1970). In addition, 
some amphibian species are also known to display rapid thermal hardening upon 
exposure to critical thermal maxima (Maness & Hutchison, 1980). Furthermore, 
temperate species are known to display thermal acclimation of metabolic rate which 
lower their metabolic requirements and cope with energetic stresses related to 
elevated temperature, reducing mortality (Feder, 1978, 1982). 
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Elevated temperature results in greater mortality in larvae compared to embryos. 
Although the more mobile larvae are generally believed to be less thermal sensitive 
compared to immobile embryos, prolonged exposure to elevated temperature during 
the longer larval stage compared to shorter embryonic stage may be a possible reason. 
As temperature increase above pejus levels, the duration of an individual’s thermal 
tolerance becomes increasingly limited (Pörtner, 2001). While an individual may be 
able to tolerate short-term exposure (a few days) to such stressful temperatures, longer 
exposures (a few months) are much more likely to result in lower survival, especially 
for larvae. This greater impact on larvae may have consequences to long-term 
survival of amphibians as population models have suggested that reduced larval 
density can consequently decrease the equilibrium adult density and may have a 
significant part in their decline (Vonesh & De la Cruz, 2002).  
 
Stressor is associated with amphibian mortality and various natural and human-
induced stressors (e.g. infectious disease, low food, pollutants) are known to increase 
mortality (e.g. Punzo, 1983; Negovetic et al., 2001; Fort et al., 2004; Bustamante et 
al., 2010). Although there was no significant difference in stressor impact between 
life-stages or taxonomic groups, amphibians are known to have contrasting 
vulnerability to specific stressors. For example, amphibian embryos are known to be 
more vulnerable to toxicants than larvae (Hatch & Burton, 1998) while caudates are 
more susceptible to ultraviolet-B radiation compared to anurans (Bancroft et al., 
2008a). However, this was not detected given the wide range of stressors between 
life-stages or taxonomic groups. 
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However, the overall interaction between elevated temperature and an additional 
stressor is not significant. Although the addition of an extra stressor can drastically 
increase mortality (Sih et al., 2004), the result of the meta-analysis suggests this is not 
the case and may be attributed to antagonistic interactions between elevated 
temperature and stressor which cancel off the synergistic ones, making the overall 
effect to be insignificantly different from zero. Temperature-dependent toxicity has 
been observed as a rise in temperature from 23 °C to 27 °C increases the toxicity of 
semicarbazide while reduces the toxicity of atrazine on Xenopus tropicalis, suggesting 
non-additive interactions (Fort et al., 2004). In addition, the toxicity of other 
pollutants such as copper does not appear to be influenced by temperature (Fort et al., 
2004). Therefore, the interactive strength can differ within a species and is stressor 
specific. 
 
While the overall interaction between elevated temperature and an additional stressor 
is not significant, the results suggest that their interaction is only significant for larvae 
and not for other life-stages. Although it is possible that the larval stage is more 
vulnerable to the interactive effect of elevated temperature and an additional stressor, 
this result is more likely attributed to the experimental type of additional stressor, 
potentially confounding the result. For instance, most of the interactions with 
additional stressors tested on the adult life-stage are interactions with pathogens while 
those tested on embryonic and larval life-stages are interactions with chemicals. Even 
though it is possible to further group the type of additional stressor and analyse them 
separately to remove this confounder. However, this was not further conducted as the 
sample sizes of each subgroup were too small. 
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This interactive impact on amphibian mortality is complex and dependent on other 
factors such as extent of temperature change and resilience of the amphibians to such 
changes. For example, it is known that amphibians can generally tolerate elevated 
temperatures than pathogens and temperature changes can alter the host-pathogen 
interaction (e.g. Berger et al., 2004; Rojas et al., 2005; Bustamante et al., 2010). 
Depending on extent of change in relative fitness of both the host and pathogen, 
climatic warming that shifts toward the pathogen’s thermal optima can potentially 
reduce their host’s survival while warming that exceeds the optimum temperature of 
pathogens will increase amphibian survival. However, further increase in temperature 
beyond the critical thermal optima of amphibian will also reduce survival. 
 
With so many amphibian species facing extinction and a number have gone extinct 
enigmatically (Stuart et al., 2004), these findings have implications to their 
conservation. It is particularly important to know how climatic warming will directly 
impact their populations worldwide and the type of stressors that will synergistically 
interact with rising temperature. This will be useful in mitigating the potential 
detrimental impacts of various stressors on amphibians and halting their decline.  
 
As this analysis only quantifies the interaction impact of higher temperature with an 
additional stressor, it does not consider the potential impact of multiple stressors with 
higher temperature. In the natural environment, amphibians are usually impacted by 
more than one stressor (Sih et al., 2004). The combination of multiple stressors at 
sublethal levels is more likely to result in “ecological surprises” compared to a few 
stressors (Christensen et al., 2006; Boone et al., 2007, 2009), potentially 
underestimating the interactive effect at different ecological levels. While it is easier 
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to predict the outcome when the stressors are few, it becomes progressively complex 
with increasing number of stressors as the total number of possible interactions 
between them rises exponentially. However, little is known on how these interactive 
changes are going to take place in the future with climatic warming. As experimental 
studies usually involve one or two anthropogenic stressors, they are not able to 
emulate the complexity in the natural environment. Extrapolating results from these 
studies is challenging as there is increased likelihood of both synergistic and 
antagonistic interactions occurring, potentially skewing the impact to either direction. 
 
Limitations 
As with all meta-analysis, there are limitations to this study. Since relatively more 
research has been documented on temperate species, the majority of the comparisons 
used (other than comparisons from Chapter 5) in this meta-analysis involve them. It is 
not possible to extrapolate from the results for tropical species and make a 
comparison. However, it is postulated that climatic warming will increase mortality 
for tropical species (attributed to their much smaller WT) and may reduce mortality 
for temperate species where current temperatures are below their thermal optima 
(Deutsch et al., 2008). In addition, there are no published studies on the last 
amphibian taxonomic order (Apoda) and hence it is also not possible to compare it 
with the two other taxonomic orders (Caudata and Anura). As it is easier to study 
embryos and larvae, there are comparatively more fully factorial studies on the effect 
of temperature and an additional stressor on them than metamorphs and adults. Future 
work should be focused on less well-studied life-history stages and taxonomic orders. 
Only a small subset of all known stressors (e.g. infectious disease, pollutants) and 
amphibian species have been investigated in fully factorial studies while there are 
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many other stressors (e.g. predation, competition, invasive species) and species which 
have not been studied. Hence, this may not be fully representative of how elevated 
temperature and stressors will impact them in the future. Lastly, temperature increase 
is just one of the many possible changes that are brought about by climate change. 
Other potential changes such as alteration of precipitation patterns and increased 
incidence of extreme weather events are also projected. These changes are likely to 
exacerbate the detrimental effect of warming on amphibian populations globally. 
 
6.5 Conclusions 
Despite its limitations, meta-analysis is a useful method that can be used more widely 
to further investigate other drivers of declines and extinctions on various taxonomic 
groups. Although there seems to be an absence of significant increased mortality with 
increased temperature in most of the literature, the results indicate that elevated 
temperature is a significant stressor with deleterious impacts on amphibian mortality. 
In contrast, the overall interaction between increased temperatures with an additional 
stressor is not synergistic. While the sublethal effects of elevated temperature have 
been reported in past research, this was not within the range of this study as the focus 
was on mortality which is the most severe end point. However, future research should 
also evaluate other less extreme impacts to better understand how temperature can 
interact with other stressors in impacting amphibians. Comprehending this complexity 
of multiple interactions between climatic warming and diverse stressors among 
different species at various life stages across different ecological scales will aid in 
elucidating the puzzling decline and extinction of amphibian populations worldwide 
and their conservation.  
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Chapter Seven. Conclusions 
7.1 Summary of findings  
The review in Chapter One on the impacts of climate change on amphibians 
suggested that: 
•   Tropical amphibians are hypothesised to be more impacted than their 
temperate counterparts. 
•  Little is known about its impacts on lowland tropical amphibians. 
•   Very few physiological studies have been attempted. 
•   Indirect impacts of climate change are not well understood. 
 
In Chapter Two, the findings from the semi-quantitative assessment of the 
vulnerability of different amphibian species in Singapore to climate change were that: 
•  Four species are Highly Vulnerable, seven species are Moderately Vulnerable 
and 17 species are Least Vulnerable to its detrimental impacts. 
•   Stenotopic species with restricted distributions are more likely to be impacted 
compared to widespread generalist species. 
•   Introduced species are less likely to be impacted compared to native species. 
 
In Chapter Three, the findings from the comparison between recent historical and 
current distribution of anurans in BTNR were that: 
•   20 of the 21 recorded native anuran species were detected. 
•  Two exotic species (K. pulchra and L. catesbeianus) were detected. 
•   T. horridum was not detected and may be extirpated; a reduction in 
distribution was observed for M. nasuta while the remaining three species (L. 
plicatellus, N. pictus & P. signata) have stable or increasing population trends. 
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•  Unlike many other regions where amphibians are declining, most amphibian 
species in BTNR seem to be holding well. 
 
In Chapter Four, the findings from the acute WT of different species from tropical 
warm and tropical cool communities were that: 
•   Species from tropical warm community are more vulnerable to climatic 
warming than those from tropical cool community. 
•   On the whole, tropical species are not more vulnerable to climatic warming 
than their subtropical or temperature counterparts. 
•   Species from subtropical warm community are more vulnerable to climatic 
warming than tropical warm community. 
•   Species from subtropical cool community are less vulnerable to climatic 
warming than tropical cool community. 
 
In Chapter Five, the findings of the prolonged elevated temperature and acid 
deposition impacts on amphibians were that: 
•  An elevated temperature did not significantly reduce embryonic hatching 
success for any of the tested species.  
•   An elevated temperature significantly increased larval mortality at one week 
for K. limbooliati. 
•   An elevated temperature significantly increased larval mortality at 
metamorphosis for K. limbooliati and M. heymonsi. 
•  A synergistic interaction between low pH and elevated temperature in larval 
mortality at metamorphosis was observed for M. heymonsi. 
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•  An elevated temperature significantly increased average larval duration to 
metamorphosis for M. heymonsi. 
 
In Chapter Six, the conclusions from the meta-analysis on the individual effect of 
elevated temperature and its interactive effect with other stressors on amphibian 
survival were that: 
•   The overall individual effect of a higher temperature is significant. 
•  Larvae are more sensitive to a higher temperature than embryos or adults but 
the difference is not significant between anurans and caudates. 
•   Although the overall interaction between elevated temperatures with another 
stressor is not significant, there is a significant interaction only on larval 
survival and not for other life-history stages or taxonomic orders. 
 
7.2 Implications  
Based on analysis of the life-history traits of different amphibian species in Singapore 
(Chapter Two), an open country species with a widespread distribution is less 
vulnerable to climate change than a forest species with more a restricted distribution. 
In addition, threatened species are generally more vulnerable to its impacts compared 
to species of least concern. It will be a challenge to conserve them as not much is 
known about their ecology and their low population numbers. 
 
Contrary to widespread speculation and fears that tropical amphibians are most at 
risk, this study suggests that species from the subtropical warm community may be 
more vulnerable to the impacts of climatic warming. Based on the results obtained 
from this study, some tropical amphibian species can tolerate prolonged increase of 3 
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°C above current ambient temperature, suggesting that they may be able to survive the 
worst case scenario projected by the IPCC (2007) report. 
 
While some species may be able to tolerate or live well with the projected thermal 
increase, they may not be in the optimal physical condition. For instance, elevated 
temperature may alter the physiology of males, potentially resulting in the inability to 
vocalize normally and find mates. Elevated temperature can potentially affect the 
physiology of females by disrupting the hormonal patterns and ability to produce 
eggs. Such individuals may be unable to reproduce successfully despite being able to 
survive for a long time. Hence, it may be too early to conclude that elevated 
temperature has no adverse effect on these species. 
 
In addition, sublethal impacts may reduce their survival. Although sublethal impacts 
do not directly result in mortality, they will lower the fitness of the individuals, 
making them more susceptible to other stressors present in the environment. This is 
likely to result in reduced survivorship and fewer individuals recruited into the 
population, thus impacting the population viability in a long run. This is expected to 
exacerbate by habitat loss and fragmentation worldwide which impact the 
connectivity between different populations. Isolated populations are more vulnerable 
to random stochastic events and have poor long-term viability (Becker et al., 2007). 
As suitable habitats become increasingly isolated, the re-establishment of populations 
from different sources will be more difficult progressively (Cushman, 2006).  
 
The potential synergy between elevated temperatures with acid deposition on 
amphibian survival was observed. Given that acid deposition is an increasing problem 
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in the developing world and can cross national boundaries, more poorly buffered 
areas in the lowland tropics are likely to be impacted by it in the future. Hence, there 
is an increasing need for various countries to cooperate and establish a global clean air 
act to regulate the emissions of SO2 and NOx. As other stressors are also present in the 
environment and can interact with both elevated temperature as well as low pH, 
additional interactions between them are likely to occur. However, the current 
understanding is limited given the complexity of these interactions. While it is 
possible that some of these interactions will be antagonistic and benefit amphibians, it 
is more likely that the overall interaction will be detrimental to their survival.  
 
Although it was predicted in Chapter Two that commensal species from open country 
habitats are less impacted by climate change than the forest species with more 
restricted distribution, the lower WT of the former (See Chapter Four) suggests that 
they are more vulnerable to climatic warming. This difference between prediction and 
experimental results suggests that the current understanding of impacts is incomplete. 
While these open country species are generally regarded to be locally common, 
tolerant to disturbance, widespread and of little conservation concern, the results 
suggest that these species are more likely to be threatened by climatic warming. 
Therefore, conservation efforts may have to be diverted to save them in the future.  
 
Given their low WT, sensitive species are more likely to be detrimentally impacted by 
climatic warming. However, complete extirpation is unlikely as reproductive success 
can still take place during cooler parts of the year (e.g. October to December). In 
addition, areas with cooler microhabitats (e.g. areas with high canopy cover) can 
serve as thermal refuges and can potentially buffer the temperature increase, allowing 
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stenotopic species with low WT to avoid exposure to lethal temperatures (Kearney et 
al., 2009, Shoo et al., 2010; Scheffers et al., 2013). However, they will probably face 
range reductions as well as population declines as areas with high thermal and water 
stress become increasingly inhospitable to them. 
 
At present, little is known about how exactly the climate will change in the future. 
There is no consensus on how much more temperature will increase before 
anthropogenic climatic warming stabilises and it is likely that atmospheric greenhouse 
gas concentration will continue to rise. If current temperatures continue to rise beyond 
3 °C, the CTmax of most tropical species (not just amphibians) will be exceeded, 
resulting in disastrous impacts on tropical biodiversity. This may be exacerbated by 
precipitation changes and water availability which will potentially have greater 
impacts on amphibians. Unfortunately, there are large uncertainties in the current 
precipitation projection models, making predictions difficult. 
 
7.3 Potential mitigation measures 
Although the effects of climate change will impact amphibians, there are measures 
that can be taken to partially mitigate their impacts. The most obvious measure is to 
curb the production of greenhouse gases in order to stabilise the atmospheric 
concentrations. Unfortunately, the current Kyoto protocol is ineffective to prevent a 
temperature increase of 2 °C (Grubb, 2000). It will need the collective cooperation 
and commitment of all the nations to take a greater emission reduction. However, 
political bickering on the extent of emission cuts between developed and developing 
nations continues to prevent urgent actions to address climate change internationally. 
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Although climate change will create more problems in conserving amphibians in the 
future (Corn, 2005; Blaustein et al., 2010), management measures may help to stem 
their losses (Shoo et al., 2011). Several solutions can be carried out to potentially 
reduce the adverse impacts of climatic change on amphibians and assist them in 
coping with the rapid changes (Shoo et al., 2011). They involve placing more refuges, 
augmenting existing breeding sites or altering water levels.  
 
More refuges can be placed in the field to help amphibians to reduce high thermal and 
water stress. The installation of water sprinklers has been demonstrated to reduce 
water stress and increase water potential, increasing breeding of Pseudophryne 
bibronii in South Australia (Mitchell, 2001). This may be particularly beneficial to 
amphibians during extended droughts which have been implicated to the drastic 
population declines (Pounds et al., 1999; Bickford, 2005).  
 
As shaded shelters provide protection against direct sunlight, amphibians are known 
to hide under them as these structures can help reduce desiccation and thermal stress 
(Seebacher & Alford, 2002). Shelters (e.g. cover boards, leaf litter, logs, PVC pipes, 
shade cloth, etc.) can benefit amphibians and potentially aid their long term survival 






Fig. 7.1. Setup to shade a water body in open country habitat. 
 
As breeding success and survival can be severely reduced by the increasingly 
unpredictable rainfall patterns, existing breeding sites can be experimentally 
controlled. The creation or restoration of multiple heterogeneous and connected 
wetland habitats will assist amphibians in coping with the negative effects of climate 
change (Petranka et al., 2007; Rannap et al., 2009) and its success is dependent on 
other environmental factors (e.g. geomorphology, rainfall variability, vegetation, etc.) 
(De Steven & Toner, 2004; De Steven et al., 2006). 
 
Since amphibian survival is entirely dependent on water availability, the creation of 
more water bodies to increase breeding will be beneficial. This has been demonstrated 
to work in bromeliad-associated amphibians such as Oophaga pumilio (Donnelly, 
1989; Stynoski, 2009). In addition, this method has been proven to work in Singapore 
from several studies (Teo, 2010; Puan, 2013). By placing suitable-sized artificial 
containers, some phytotelms specialists (K. limbooliati, N. pictus and P. signata) are 
known to breed in them after sufficient water has accumulated (Teo, 2010; Puan, 
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2013). As natural phytotelms tend to disintegrate after a short period of time as a 
result of decay, these artificial water bodies may boost reproductive success as they 
are longer lasting (Puan, 2013). In addition to serve as breeding sites, these man-made 
phytotelms can serve as more permanent hydrating points and may be important for 
their future survival given that severe droughts are likely to be more prolonged with 
climate change (Puan, 2013). Artificial ponds can also be created to provide breeding 
sites which can be utilised by adaptable pool breeders (e.g. D. melanostictus and P. 
leucomystax) (pers. obs.). However, the creation of these water bodies can be 
detrimental to human health as they are also breedings sites for mosquitoes. Hence, 
these water bodies should be placed far away from human habitations to prevent 
outbreaks of mosquito-borne diseases. 
 
Altering water levels can be beneficial as this can ensure the proper functioning of 
their breeding sites. As all amphibian larvae will need a minimum period before 
reaching metamorphosis, interventions that ensure their breeding habitats last beyond 
this period will be useful (Shoo et al., 2011). Adding more water to existing breeding 
ponds has been shown to extend aquatic habitat duration and increase survivorship of 
larvae to metamorphosis (Siegel et al., 2006). Additional water input into existing 
streams or re-circulating of water by pumping water up from downstream may be 
beneficial for stream-dependent species. Planting more trees around unshaded ponds 
can provide cover, reducing evaporation rate and extending the hydroperiod of these 
habitats (Shoo et al., 2011). 
 
While these suggested measures can be potentially beneficial to amphibians, the 
majority of them have not been assessed and proven to conserve amphibians in 
140 
relation to climatic change (Shoo et al., 2011). As not much is known about the 
breeding requirements of many amphibian species, targeted interventions that are 
based on ecological reasoning may not be feasible or effective in protecting species of 
conservation concern. In addition, such manipulative measures may have undesirable 
effects. For instance, while increasing habitat connectivity can boost persistence of 
amphibians, it can also detrimentally impact amphibian populations through the 
facilitated spread of invasive species or novel pathogens (Hess, 1996; Crowl et al., 
2008). Hence, managers will also need to weigh the advantages of increased 
connectivity in augmenting amphibian populations against the potential risks of non-
target species establishment that can compromise the conservation objectives (Gog et 
al., 2002; McCallum & Dobson, 2002; Maret et al., 2006). 
 
7.4 Future studies  
As most studies that connect the decline of amphibians and climate change are based 
entirely on correlative evidence, future works should attempt to determine the cause 
by verifying it with field and experimental studies. More research will need to be 
directed at investigating its indirect impacts as other abiotic and biotic stressors can 
form complex and difficult to predict interactions. Next, as species physiological 
thermal optima and limit at different life-stages are not well understood, these have to 
be investigated together with how changes in environmental temperature will affect 
them. Likewise, the effects of precipitation changes should be examined to determine 
its impact on their fitness and population dynamics. Moreover, potential 
compensatory measures (e.g. behavioural changes or shifts in habitat preference) in 
response to elevated temperature and lack of water should be explored as well. In 
addition, the potential adaptive capability of amphibians should be examined to 
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determine whether they can potentially evolve to tolerate higher temperatures in the 
future. Furthermore, it is vital to ascertain the sublethal effects of climate change on 
amphibians (e.g. smaller body size and morphological changes) and its consequences 
on their long-term survival. Lastly, studies should be directed to investigate how 
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Appendix A: Ascension number of genes of the different species from GENEBANK 
 
Species 12s 16s Cytochrome b  CO1   RAG1 Rhodopsin TYR 
Alytes cisternasii AY333670 AY333708 AY442019     
Alytes dickhilleni AY333672 AY333710 AY442020  DQ019494 AY341817 EF407506 
Alytes muletensis AY333671 AY333709 AY341728  AY323755 AY323731 AY341747 
Bufo bufo DQ158438 JX218100 JN647435 JN379846  U59921 FM864217 
Ceratophrys cranwelli AY843575 JX204030 AY843797     
Crossodactylus schmidti AY843579 JX204031 HQ290528  DQ503298 AY844552 HQ290888 
Dendropsophus minutus EF376027 EF376063 AY843883 EF587836  DQ283758 EF376133 
Dermatonotus muelleri DQ283329 KC180037  EF396046 EF396082  EF395969 
Discoglossus galganoi JQ626649 JQ626667 AY442063 GU797354 JQ626775 DQ283915  
Duttaphrynus melanostictus AF375487 EU367009 AF171205 JN700876 EU712820 AF249097  
Elachistocleis bicolor JF836935 JF836989    JF837037 KC180318 
Epidalea calamita U52726 AF350433   EU497610   
Fejervarya cancrivorus AB488859 AB488882 AB444709 JN700892 HM163581 DQ458259 DQ458274 
Fejervarya limnocharis JN541321 JQ621940  HQ844995 AB277338 AF249108 AB500264 
Hyla arborea AY843601 JN800894 JX192587 JN801021 FJ227042 AY844575 AY844046 
Hyla meridionalis AY819370 AY819502 AY960649 FJ226842 AY583339 GQ916820 GQ916722 
Hylarana labialis  EU604174      
Hypsiboas curupi  JQ627205 AY843816 JQ627301  JQ023453 AY844041 
Hypsiboas raniceps EF376021 JF790134 AY843900   AY844646 EF376127 
Kalophrynus pleurostigma AB634642 AB634700  AB611921 AB611917 DQ283846 AB611919 
Kaloula pulchra JX678890 JX678902  EF396053 EF018044 DQ284011 EF395978 
Lepidobatrachus llanensis AY819345 EF107175   EF107298 DQ283851  
Leptodactylus bufonius AY943220 AY943233      
Leptodactylus latinasus JN690508 JN691168 AY341741 JQ627307 AY323770 DQ284015 AY341760 
Leptodactylus latrans AY143353 AY162395 AY843934  AY844470 AY844681  
Leptodactylus podicipinus EF613175 JF789916      
Limnomedusa macroglossa AY843689  AY843935  AY844471 AY844682 AY844128 
Limnonectes blythii AY880450 AY880438 JQ287722    GU934456 
Limnonectes malesiana  U66129      
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Appendix A: continued 
Species 12s 16s Cytochrome b  CO1   RAG1 Rhodopsin TYR 
Lissotriton boscai DQ092287 GQ380401 DQ821219 JN379840    
Melanophryniscus devincenzii JX961678 JX961678       JX961676   
Melanophryniscus krauczuki GU301901 GU252233   DQ158347   
Microhyla butleri AB634606 AB634664  JN700840 EF396094   
Microhyla heymonsi AB201179 AB201190 HQ141536 EF396055 EF396095  EF395979 
Microhyla mantheyi AB598310 AB598334      
Nyctixalus pictus GQ204783 JN377342 GQ204549  GQ285761 GQ285787 GQ285805 
Pelobates cultripes AY333651 AY236803 AY236770  AY364201 AY323736 DQ347131 
Pelodytes ibericus DQ642137 DQ642112 AY236778     
Pelophylax lessonae AY043034 AY043068 AB029943   AY148012 AY322347 
Pelophylax perezi AY043035 AF215424 AY043052   AY148015  
Phyllomedusa sauvagii GQ366282 GQ366282 GQ365971  GQ366094 GQ366154 GQ366216 
Phyllomedusa tetraploidea AY843727  AY843972  GQ366096 AY844714 AY844156 
Physalaemus albonotatus DQ337210 HQ592347      
Pleurodeles waltl AY522565 JF803793 JF803803 EF525841 AY523736   
Polypedates leucomystax JN541325 HM770163 HQ141556  GQ204582 EU215580 AB728314 
Pseudis limellum AY843697 EF153002 AY843942  AY844477 AY844690  
Pseudis platensis AY819353 AY819483 AY843986  AY844506 AY844727 AY844167 
Rana arvalis AY043045 AY043079 AY043062 JN871597  AY147988  
Rana iberica AY043043 AY236832 AY236796   AY147995  
Rana temporaria DQ283127 JF299204 JX205156 JN871601  DQ283914 AF249182 
Rhinella azarai AY843573 GU178807 GU178807  DQ158354   
Rhinella ornata  KC198810    KC199914  
Rhinella schneideri DQ158480 JQ627201 JN594573  DQ158399   
Salamandra salamandra AY928619 EF017949 AY645070 EF525915 DQ347230 DQ284037  
Scinax acuminatus AY843753  AY843998  AY844515 AY844739 AY844176 
Scinax fuscovarius AY843758 JQ627227 AY844003 JQ627332 AY844519 AY844744 AY844179 
Scinax nasicus AY843759 JF790026 AY844004  AY844520 AY844745 AY844180 
Trachycephalus venulosus EF376034 EF376069 AY843965  EU034147 AY844707 DQ347161 
Triturus cristatus DQ283441 EF422224 DQ821233 EF525976  DQ284038  
Triturus pygmaeus DQ092293 DQ092273 DQ821261 EF526020       
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Appendix B: Concatenated phylogenetic tree of 60 amphibian species with unequal branch length constructed from three nuclear, 




Appendix C: Concatenated phylogenetic tree of 60 amphibian species with equal branch length constructed from three nuclear, protein-
coding genes – RAG1, Rhodopsin and TYR and four mitochondrial genes – 12s, 16s, Cytochrome b and CO1. 
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Appendix E: Hedges's g (g) was used as the effect-size metric. For all comparisons, 
effect size of the main effects of temperature and stressor and their interactions were 
calculated where M refers to the number of non-survivors and S refers to the number 
of survivors, the subscripts “H” and “L” represent higher and lower temperatures 
respectively while subscripts “P” and “N” represent presence and absence of stressor 
respectively. “A” refers to the total number of non-survivors in treatment, “B” refers 
to the total number of survivors in treatment, “C” refers to the total number of non-
survivors in control and “D” refers to the total number of survivors in control. 
Effect size “A” “B” “C” “D” 
“Temperature” MHP + MHN SHP + SHN MLP + MLN SLP + SLN 
“Stressor” MLP + MHP SLP + SHP MLN + MHN SLN + SHN 
“Interaction” MHP + MLN SHP + SLN MLP + MHN SLP + SHN 
 
Calculation of effect size is as follows: 
LogOddsRatio is calculated by the formula: 
Log ((A * D) / (B * C)) 
LogOddsSE is calculated by the formula:  
Sqr (1 / A + 1 / B + 1/ C + 1 / D) 
Standardised mean difference (d) is calculated by the formula:  
Sqr(3) * LogOddsRatio / pi 
Standardised mean difference SE (StdErr(d))  is calculated by the formula:  
Sqr((3 * (LogOddsSE ^ 2)) / pi ^ 2) 
Correction factor (J) is applied to correct for sample size and is calculated by the 
formula: 1 – (3 / ( 4 * df  – 1 )) where df = Ntotal – 2 
Hedges's g (g) is calculated by the formula: 
d * J 
StdErr(g) is calculated by the formula: 
StdErr(d) * J 
